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An eighteen month study of the Toyota Motor Manufacturing (TMM) plant 
site and the surrounding area was undertaken. The basic charge for this project was to 
characterize the groundwater that is potentially impacted by the TMM plant site. This 
included occurrence, flow direction, and, if possible, velocity. Because the area is 
karstified (has sinkholes, springs, caves, etc.) surface water and groundwater are 
intimately connected and, hence, surface water was frequently an important component of 
this work. 
Data from TMM construction plans and monitoring work done subsequent to 
construction were elicited from the various repositories within the TMM infrastructure. 
Aerial color photographs were acquired from various government agencies. Maps were 
constructed from the various data sources and data "layers" were combined to provide a 
complete picture of the plant site with respect to geology and groundwater. Fracture 
trace analysis and field reconnaissance was performed. Fifty-one sinkholes were found 
onsite, 182 in the entire study area. Several springs, both onsite and offsite, were 
discovered. Dye trace analysis was performed to determine connectivity and help to 
build a conceptual model of the subsurface flow system. Existing chemical analysis was 
complemented with chemical analysis done by the University of Kentucky. 
Groundwater flow and occurrence 
Dye trace data, monitoring well level data, and basic fluid mechanics were 
used to determine that the groundwater flow beneath the deep basements were essentially 
isolated from the surrounding groundwater systems because the sump systems in the deep 
sections of the buildings maintained a continuous flow toward the TMM buildings. Due 
to the nature of the bedrock, this "zone of isolation" extended no more than seven to 
fourteen feet away from the edge of the buildings. As such, these buildings would not 
be sources of contamination to the surrounding groundwater systems. There were some 
buildings that did not have these basement-sump systems and, hence, were not isolated 
from the surrounding groundwater systems. 
Most groundwater in the zone near the surface of the TMM site is derived 
from infiltration onsite, flows relatively rapidly and relatively short distances, and exits 
the ground in small hillside seeps and springs that are typically at the upper surface of 
the Millersburg formation which is approximately 25 feet of elevation below the TMM 
plant site (920 feet MSL, see Fig. 13). It should be noted that a small component of this 
water may migrate slowly to a deeper system. 
Flow beneath the Millersburg layer occurs in two scenarios. Off the TMM 
site, in th~ deep Tanglewood or Grier (Fig. 13), there are two major conduits systems 
that are connected to the surface by the Dry Run swallett and the Lanes Run swallett. 
The Dry Run swallett is connected to the conduit system that discharges at Railroad 
Spring and the Lanes Run swallett is connected to a conduit system that terminates at 
Marshall Spring. If surface water is discharged from the TMM plant and is not 
contained by the sump system beneath the plant, it will either end up in Railroad Spring 
or Marshall Spring and under high flow conditions, a portion will flow to North Elkhorn 
Creek. 
There is a deep groundwater zone in the Eastern section of the TMM site that 
does not have much subsurface water movement or surface connectivity. This section 
was confirmed to be around wells MW4, MW5, and MW6 but it is likely that the zone is 
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beneath the entire ridge of high potentiometric pressure, found on Figure 14 and enclosed 
by potentiometric contour 910 feet. Water in this zone is saline, high in sulfates, and 
relatively immobile. 
Monitoring recommendations 
Monitoring is recommended at eight additional wells and two springs on the 
TMM site. Each well site should consist of a shallow well to monitor the shallow, 
epikarstic flow and a deeper well to monitor any deeper percolation that may occur. 
Monitoring of three offaite springs is also recommended. 
A minimum of twice annually sampling is recommended and a sampling that 
collected samples every nine months in order to obtain seasonal variances was described. 
Additionally, defensive sampling, that is collection of samples that run onto the site or 
near the site was recommended to establish a record of incoming water quality. 
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BACKGROUND AND PURPOSE 
The groundwater characterization of the Toyota Motor Manufacturing, Inc. 
(TMM) site at Georgetown, Kentucky was initiated to better understand the groundwater 
movement in relation to various buildings and activities on the TMM site. The site 
geology and hydrogeology was studied by Law Engineering in 1985 for the location of 
groundwater monitoring wells. In 1990, Ground Engineering and Testing Service, Inc. 
conducted a study for foundation conditions for proposed structures. From these reports, 
water quality data collected by the Environmental Section of TMM, and field and office 
studies performed by the University of Kentucky, the plan for the present analysis was 
developed. 
The primary source of groundwater is precipitation. The water that falls on the 
surface as precipitation either moves along the surface until it encounters fractured rock, 
whereupon it enters the rock system, or it infiltrates through the soil to the rock surface 
below where it moves along the rock surface until it encounters a fracture and enters the 
rock system. Once the water is in the rock system, it moves through fractures or 
conduits, whichever is available at that location. Groundwater in this integrated fracture-
conduit system may be adequate for domestic water supplies. In the past, the smaller 
springs, such as the Darby Spring located just off the site, were used as domestic water 
supplies, but as higher yields were needed for households, they became less used. Major 
springs, such as Royal Spring in Georgetown, Kentucky are used for municipal water 
supplies. 
Karst terrain is a specific type of topography that is usually underlain by 
1 
carbonate rocks that have been altered by chemical dissolution. Characteristic karst 
landforms found within the study area include sinkholes, springs, and losing streams. 
The number and distribution of these features vary throughout the area and appear to be 
partially controlled by stratigraphic influences. Sinkholes are shallow, bowl-shaped 
depressions in the land surface (White, 1988) and are the most abundant and 
recognizable karst features in the study area. Sinkholes are the surface expressions of 
subsurface dissolution of the carbonate rocks. Most are mantled with soil or regolith. 
Sinkholes often exhibit elongated or irregular shapes, possibly due to having 
formed along a joint. Several undisturbed sinkholes located on the site contain exposed 
swallets, which are open subsurface drains that serve as connections to an underground 
conduit network. The formation of most sinkholes in the study area resulted from the 
gradual subsidence of surface soil cover by piping of regolith into enlarged subsurface 
drains (Thrailkill et al., 1982). 
The TMM site is located in a geologic region where a combination of fracture 
flow and karst conduit flow controls the groundwater movement. The rocks are 
primarily limestones with inter-fingering shale units. Where the shale units are thicker 
and widespread, less conduit development has occurred and the groundwater moves 
through fractures that range from well to poorly integrated. The shale impedes 
downward water movement and causes the water to move laterally, where it emerges on 
the surface as seeps or small springs. Where the fractures are better integrated, larger 
springs may develop, such as the unnamed spring on the property. 
Offsite and to the south, where limestone predominates the geologic section and 
shale is absent or very thin, dissolution of the limestone occurs and the groundwater 
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moves in an integrated network of fractures and larger solution openings that surface at 
larger springs, such as Marshall Spring and Railroad Spring. Conventional monitoring of 
groundwater in a fracture-conduit flow system is difficult because the location of the 
monitoring well must intersect either the fracture system or the conduit. To fully 
characterize the groundwater at the TMM site using monitoring wells would require a 
large number of wells because each well will sample only a small part of the 
groundwater system. In this kind of flow system, monitoring springs can be the most 
effective method. 
This study was designed to better understand the groundwater movement on the 
TMM site and its relationship to the surrounding area. It was important to understand 
the relationship of the groundwater to Royal Spring and other springs located along the 
North Elkhorn Creek, as well the domestic water supplies relying on the groundwater in 
the vicinity of the TMM site because water can rapidly move long distances in karst 
systems. Some domestic wells are still in use but they rely on conduit systems for water. 
REVIEW OF PREVIOUS STUDIES 
Several studies that have touched on the occurrence of groundwater on the TMM 
site are summarized below. 
Law Engineering Report 
In July of 1986, Law Engineering Testing Company submitted "Task I Report, 
Hydrogeologic Investigation for Determining Surface Water and Ground Water 
Monitoring Locations" from their Baseline Surface Water and Ground-Water 
Characterization study. The result of Task I was the selection of five surface water and 
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six groundwater monitoring locations. The locations were a compromise between the 
environmental investigation needs and the construction operation needs. 
A discussion of site hydrogeology was largely based on previous data collected 
and reported in Law Engineering's Report of Geotechnical Exploration, where soil and 
rock where sampled from several locations on the site. They concluded that low 
permeability of the soil and the underlying shales results in rapid precipitation runoff. 
Furthermore, where the underlying bedrock was jointed, they reported that "solutioning 
was not common through the shale layers, and that solutioning would be limited to 
shallow depths in limestone layers under thin soil cover primarily on hillsides." They 
stated that no evidence of karst formation was found on site. 
A field investigation included the search for probable monitoring points for 
groundwater, such as springs and seeps. The investigation was made during a 
particularly dry period from June 23 through June 25, 1986, so no springs or seeps were 
observed. Ponds previously used for livestock also appeared dry or had very little water 
and were drained to accommodate construction activities. The report noted that 
tributaries to Dry Run and the upper and lower reaches of Lanes Run were also dry. A 
moderate-size pond was reported in the southwestern corner adjacent to Interstate 75. 
Five surface water sampling points were located in segments of Dry Run and Lanes Run 
and the surface ponds, as seen in Figure 1. 
Law Environmental's Baseline Water Program Report dated November 16, 1988 
covered the following: 
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1. Reported on the installation and development of the monitoring wells, 
2. Described the collection of the groundwater and surface water samples, 
3. Reported on the water-level measurements made, 
4. Developed a groundwater surface map and discussed the direction of 
groundwater flow, and 
5. Provided in-situ groundwater characterization as well as laboratory 
water quality analysis of all water samples collected. 
Twelve monitoring wells were installed at six sites (MWl - MW6, Fig. !). At 
each site, a shallow and deep monitoring well was installed. The shallow wells were 
screened to sample the soil/rock interface. The deep wells were installed by drilling until 
static water was encountered and then continuing another ten feet. 
Using groundwater elevations collected August 7-11, 1987, a map was produced 
and referred to as the upper bedrock aquifer potentiometric surface (Fig. 2). It was 
produced by using a mixture of water table and pressure head measurements from the six 
deep monitoring wells. Monitoring well MWID and monitoring well MW3D were 
pressure head measurements because the screened interval of the well was below the 
water surface within the well. The surface of the water table was measured for the 
remaining deep wells within the screened interval of the wells. 
The resulting map showed a groundwater high that trended north-south along the 
topographic high on which the plant facility is located. Groundwater was depicted as 
flowing to the east and west of this high (Fig. 2). 
Commonwealth Technology, Inc. Study 
In June of 1986, a reconnaissance study was conducted (Sullivan, 1986) for the 
Georgetown Wastewater Treatment Plant in the Lanes Run Watershed. This study 
included a dye trace, water level measurements in domestic wells near Marshall Spring, 
and water quality analyses of wells, springs and surface waters. The study showed that a 
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swallet in Lanes Run accepts water from the stream and that water moves through a 
conduit system to Marshall Spring. No conclusions were drawn from the water quality 
measurements. 
TMM Water Level Measurements in Monitoring Wells 
TMM has recorded water level measurements in 8 wells. These data have been 
tabulated through May of 1995 and are included in Appendix A. 
GEOGRAPIDCAL DATA STORAGE AND RETRIEVAL 
For this study, a large amount of information was compiled and stored in 
electronic files that will be accessible to future users. Commercially available 
Geographical Information System (GIS) software, PC ARC/JNFO version 3.4D+ and PC 
ARCVIEW version 2, was used to organize the information collected. A brief 
description of how the software was used follows with a full discussion included in 
Appendix B. 
ARCINFO Software Applications 
It was decided that the data available for the TMM site could best be managed 
from a GIS data base. For this reason, all data collected were entered into electronic 
files for future use. Appendix B identifies all of the data files. 
GIS is the best management approach because it brings together an organized 
collection of computer hardware, software, geographic data, and trained individuals to 
efficiently capture, store, update, manipulate, analyze, and display all forms of 
geographically referenced information (ESRI, 1992). A common type of software used 
by engineering firms to map sites to show topographic features and locations of roads 
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and structures is CAD (Computer Aided Design). CAD data from a local consulting 
company (GRW) were incorporated into the database to provide topographic coverage of 
the site. The GIS allowed for the quick transformation between coordinate systems of 
the data available for the study. 
Use of the GIS in the analysis procedure: 
1. Allowed thematic information from the database to be viewed as spatial 
information, 
2. Provided graphical error checking on a continuous basis, 
3. Allowed spatial data and results to be viewed on many GIS layers, 
4. Allowed spatial and thematic data to be updated as received, 
5. Produced many overlays of spatial data and results to be produced for 
analysis, and 
6. Produced customized maps to be developed for the report. 
GROUNDWATER OCCURRENCE AND FLOW 
Groundwater enters the soil-rock system from areas called recharge zones. Once 
in the subsurface, groundwater can move through many pathways. Groundwater exits the 
subsurface through natural features (springs, streams, etc.) or man-made features (wells 
and sumps). Groundwater exits are generically referred to as discharge zones. 
Groundwater Recharge Zones 
Water moves into the subsurface as described above in a limestone region such as 
that found at this site. Some of the special geologic features that will enhance the 
introduction of water into the subsurface system are sinkholes and fractures. 
Sinkhole distribution A pre-construction engineering report indicated that no 
karst features were found on the TMM property. Examination of the U.S.G.S. 7.5 
minute topographic quadrangle rnaps for this area revealed two (2) sinkholes on the 
TMM site. The resolution of topographic mapping was plus or minus 20 feet, and 
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therefore, many of these features were not recorded on maps. A previous groundwater 
investigation (Gremos, 1994) within the Inner Bluegrass Karst Region indicated that 
approximately five times as many sinkholes existed in the field as were recorded on 
topographic maps. This study also showed that not all sinkholes identified on air photos 
are sinkholes when a ground truth analysis was done. 
The rolling to moderately flat topography in the study area coupled with the 
highly altered nature of the TMM property, made identification of sinkholes and/or 
sinkhole remnants crucial to the general hydrogeologic characterization of the site and 
more specifically, to the selection of dye trace injection points. Analysis of pre-
construction aerial photographs obtained from GRW, Inc. and the Soil Conservation 
Service, in conjunction with field reconnaissance, resulted in the identification of more 
than 182 sinkholes in a 10.5 square mile portion of the study area centered on the TMM 
facility. For those sinkholes identified, areal density, length, width, depth, area, 
orientation, and stratigraphic occurrence was determined. 
Within the study area, 62 sinkholes were identified from the four 7.5 minute 
topographic maps (referred to as topographic sinkholes). Additionally, 120 sinkholes 
were identified from the aerial photographs and field reconnaissance. Of these 182 
sinkholes, 51 were found to be located on the TMM property. Most of the 49 non-
topographic sinkholes were quite shallow, estimated to range from 3 to 20 feet in depth. 
Figure 3 illustrates the location of all sinkholes identified within the study area. Post-
construction evaluation revealed that only 5 undisturbed sinkhole and sinkhole remnants 
remain as topographic features on site. Two of these sinkholes were utilized as dye 
injection points during the dye trace phase of this investigation. The reduction in the 
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number of sinkholes implies that more precipitation will be routed to surface runoff and 
local near-surface flow than under pre-construction conditions. 
Stream channels and surface water impoundments Most of the stream 
channels flow on bedrock. If the bedrock is fractured, which is highly probable along 
stream channels, water will infiltrate into the rock system and become a part of the 
recharge system to the groundwater. Surface impoundments that are not lined with an 
impermeable liner will also act as sources of water to the subsurface system. Seepage 
from these ponds will enter the shallow groundwater flow system. Figure 4 illustrates 
the stream channels and surface water impoundments for the study area and the TMM 
site. 
Groundwater Discharge Zones 
Groundwater moves toward discharge zones. In karst systems these discharge 
zones can be only a short distance from the recharge zone (feet or lOOs of feet) and 
others may be long distances from the recharge zone (measured in miles or lOOs of 
miles). Those that discharge very close to the recharge zone are part of very local 
groundwater flow systems. Natural groundwater discharge zones are springs and streams. 
Streams that flow all year are supported by discharge from the groundwater. 
Springs A number of springs have been identified within the study area and the 
TMM site. Figure 5 shows the location of all springs identified as pertinent to this 
study. A description of these springs is included in Appendix D. These springs range 
from constant trickles of water, to wet weather springs, to springs that were large enough 
to supply a domestic household in earlier times, to larger springs, such as Marshall 
Spring. Swallets are openings to the subsurface conduit system. They often occur in 
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sinkholes but some may occur in stream channels. Swallets that occur in stream 
channels are direct recharge points to the conduit system. It can be noted on Figure 5 
that 8 springs and 2 swallets were found on the TMM site. 
Streams Those parts of the streams that have flow in them all year receive some 
of their flow from groundwater. Generally those streams shown as a solid blue line on a 
topographic map are considered streams that have water in them all year. The "blue-
line" streams in Figures 4 and 5 represent groundwater discharge zones. It was 
determined that even the two blue-line streams shown in Figure 4 contained dry segments 
during part of the year. 
Plant sumps Sump systems are used to dewater basements and pit areas of some 
structures on the site. The sump system consists of gravel drainage layers, drainage tiles, 
sump pit, and sump pump. Drainage tiles were installed along the lower perimeters of 
the outer walls of the basement and pit areas. The tiles collect and channel groundwater 
to the sump pits. Located within the sump pits, the sump pumps mechanically pump the 
collected groundwater out of the system. The sump areas and their related drainage tile 
fields represent groundwater discharge zones. These systems are located below the 
shallow groundwater table and are drawing water from this zone to the sumps. Figure 6 
is a map showing the TMM buildings, the sump locations, and the related areas they 
drain. The sumps draw water to them, but because it is not practical to drill numerous 
monitoring wells to see the areal extent of the effect of the sump system, it is assumed 
that the effect is very minimal and limited to the area outside the sump drainage field. 
One well located within 50 feet of the drainage system was not affected by the de-
watering effect of the drainage field and sump. Dye tracing supplied further evidence to 
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support a limited areal effect of the sump system. Dye injected into MW8, which is 
within 50 feet of the sump system, was not detected in the sump collection system of 
building 2000 (GWS-6). 
Geological Units Present on Site 
The occurrence and movement of groundwater is very much related to the 
geology of the site. Two maps were developed to show the surface distribution of the 
various geologic units, a pre- and post-construction map (Fig. 7 and 8). Figures 9 and 10 
illustrate the geologic cross sections constructed at the site and also shows pre- and post- . 
construction conditions. Cross sections were developed from the U.S.G.S. geologic maps 
of Cressman ( 1967) and Wallace (1977) and the rock descriptions were based on these 
maps as well. The underlying bedrock are of middle to upper Ordovician-aged 
limestones and shales. Two formations are exposed in the study area, the Lexington 
Limestone and the Clays Ferry formations. 
The strata are structurally controlled by a regional uplift feature of the eastern 
United States known as the Cincinnati Arch. Strata in the study area dip gently 
westward as indicated by structure contours mapped on the Geologic Map of the Delplain 
Quadrangle (Wallace, 1976, and 1977). At rock exposures in the study area, the strata 
appears nearly horizontal, dipping less than one degree. Minor faulting and jointing 
occurs in the study area. 
The Clays Ferry formation is an interbedded calcitic shale and fine grained 
limestone. The Clays Ferry normally facilitates relatively rapid run off, and because of 
its high shale content, conduit development is hampered. At the TMM construction site, 
the formation was thin and was removed to expose better foundation material and to 
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level the site (see Figs. 9 and 10). The removal of the Clays Ferry does not mean that 
rapid conduit development will occur in the underlying bedrock because the Lexington 
Limestone formation in the immediate areas shows only moderate susceptibility to 
karsification and much of the area has been covered by buildings or parking areas. 
The Lexington Limestone formation underlies the Clays Ferry. It has been 
mapped as separate members, the Tanglewood, Millersburg, Stamping Ground, and the 
Grier. The Tanglewood member is a fossiliferous, fine to coarse grained calcarenite. It 
can be subject to karstification. The Millersburg formation is coarse grained, appearing 
as nodular lenses of limestone within a shale matrix. Because of its high shale content it 
will likely inhibit karstification and downward percolation of groundwater and may be 
considered to be an aquiclude. 
The Stamping Ground member is a nodular bedded fossiliferous limestone within 
a shale matrix. It is approximately 20 percent shale. It will also inhibit karstification, 
however, major conduits appear to have passed through this member in other locations. 
The Grier member is a medium to coarse grained bioclastic limestone and does 
not outcrop near the TMM site. However, both significant springs that are shown to 
discharge waters from the TMM watershed do occur within the upper portion of this unit. 
Larger springs in the region, such as Royal Spring, also discharge from this member. 
At road cuts along Cherry Blossom Lane, I-75, and Delaplain Road, interfingering 
of the Tanglewood and Millersburg members can be observed. The interfingering of 
these two members is much more extensive than indicated on the geologic maps and 
cross sections. The interfingering of the Tanglewood and the Millersburg members 
creates the possibility for the perching of groundwater. The shale layers of the 
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Millersburg will hamper conduit development within fracture zones. Any karstification 
that occurs in this zone is poorly developed in contrast to the Lexington Limestone below 
the Millersburg member. Underlying this interfingered zone of Tanglewood and 
Millersburg members is a more massive, purer limestone body also designated 
Tanglewood. This unit exhibits a more well-developed karst as evidenced by the 
abundance of deeper, more aligned sinkholes in other areas. The Grier member, which 
underlies this lower Tanglewood unit, also exhibits more well-developed karst features. 
It appears to be the lower boundary of conduit development, as most major springs in the 
region occur in the uppermost 15 feet of this unit. 
Importance Of Fractures and Conduits 
Lithology, structure of the rock layers, occurrence of fractures and the 
configuration of the saturated zone all influence the formation and orientation of conduits 
and their interrelationship to each other. It has been show by Tharikill and his students 
that the groundwater systems in the karst of the Inner Bluegrass can be divided into 
groundwater basins and interbasin areas. These are regions that are drained by a single 
spring or series of closely spaced springs. The conduit system not only drains the area 
directly above the conduits but also the related portion of the topographic drainage basin. 
Recharge to the groundwater basin occurs from point sources that direct water 
vertically downward through water-worn fractures and areal sources, where water moves 
horizontally over short reaches of fractured bedrock channels that let the water move 
vertically to the conduit system (Thrailkill, 1982). Horizontal flow in the subsurface is 
transported in large, nearly horizontal conduits. Major conduits transmit water under 
predominantly open channel flow conditions. The width of the groundwater basins is 
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uncertain (Thrailkill, 1982), but probably narrows near discharge zones (White, 1988). 
lnterbasin areas, which are the areas between groundwater basins, do not exhibit 
this deep drainage system. Conduit formation is restricted to smaller, shallow systems 
that generally parallel surface topography. These smaller conduits drain a limited area 
and discharge to small, high level springs. Interbasin areas typically occupy over 50% 
of the total area in the Inner Bluegrass Region (Thrailkill et. al., 1982). 
Fractures can be identified in outcrops on a very local scale and from topographic 
maps and air photos for much larger fracture systems. The fracture systems not only 
control the development of topographic features but also provides the avenues for water 
to travel in the subsurface. Conduits develop where the rock materials are more 
susceptible to dissolution and large volumes of water are available. Fractures can be 
identified as linear features on topographic maps and air photos. Linear features are 
surface expressions of near-vertical fractures, joints and/or faults (Lattrnan, 1958). The 
relationship of linear features to groundwater movement in. the Inner Bluegrass Region of 
Kentucky is important and has been noted by many authors (Hamilton, 1950; 
MacQuown, 1967; Mull, 1968; Hine, 1970, Taylor, 1992). These fracture zones also 
control the development of topography by providing weak zones where erosion takes 
place and creates drainage ways. Linear features, mapped from topographic maps and 
aerial photographs for the study area are illustrated in Figure 11. 
A linear feature delineated from aerial photography does not illustrate the zone of 
fracturing, but only a single line. In order to assess the impact of linear features, 
potential zones of fracturing 100 foot wide were created along each linear feature. 
Analysis of the relationship between linear features and sinkholes identified in the study 
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area revealed that only 27 percent of the sinkholes intersected a buffer zone. This 
suggests that a weak relationship was demonstrated by this analysis. One reason for this 
is that most of the sinkholes were determined from topographic maps and thus under-
reported. An analysis limited strictly to the TMM site reveals that only 16 percent of the 
sinkholes intersected the buffer zone. Because sinkholes are the recharge points to 
conduits, the relationship between linear features and sinkhole development indicates that 
not much development has occurred on the TMM site. 
The fractures mapped for the site seem to form a zone of higher occurrence along 
a trend to the northwest on the west and southwest parts of the site. They seem to fit 
into the more regional pattern of fractures found around the site. Six of the mapped 
springs fall along this trend as well as the two swallets and two springs immediately off 
site on the south central part of the site. Another interpretation of the fractures found on 
the site is that they are random. 
Medium- to thick-bedded carbonates contain continuous, largely vertical, regular 
joints which are favorable for groundwater movement. Thinner bedded carbonates, 
similar to those found on the TMM site, contain less continuous joints commonly offset 
by bedding planes, but may still be effective pathways for groundwater flow 
(MacQuown, 1976). However, because of the occurrence of the shale zones, perched 
water conditions may exist, and less water moves vertically to replenish the deeper 
groundwater. The springs found on the site represent the horizontal movement of the 
groundwater in this shallow system. 
Importance Of Pumping From Sumps 
The sump system, consisting of six sumps draining three deep basement sections 
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of the TMM plant has provided information on the shallow groundwater system. 
Pumping records from all of the sump pumps have been collected and analyzed to 
determine the temporal variation of pumping and the relationship of this pumping to 
rainfall. 
The sump pump system's affect on the shallow groundwater is restricted primarily 
to areas immediately around the drain lines and the sump pump pit. Within this area, the 
groundwater' s level is depressed to the level of the water within the sump pit. This is 
seen as a steep cone of depression around the sump system on the potentiometric map, 
Figure 14, and the cross section in Figure 13. The lines with hatches in Figure 14 
indicate that there are local areas of water table depression around each sump-drain tile 
system. The sump pumps are activated by a switch that regulates the level of water 
within the sump pit. Pumping lowers the groundwater level within the pit until the 
pump is turned off by the switch. Timers installed to the sump pump system provided a 
daily run time for sumps within buildings 100, lOOa, 400, 400a, and 2000 from August 
1994 to January 1995. 
Rainfall measurements were collected at the plant site and compared to the run 
times of the sump pumps. A relationship between rainfall events, which raised 
groundwater levels, and run time of the sump pumps was found for sumps within 
buildings 100 and l OOa. The Jack of any clear relationship with the remaining sumps 
raised questions about the validity of the run-time method of flow estimation for the 
remaining sump pumps. One explanation for inaccurate flow estimates is that the pumps 
were permitted to run after the water within the sump pit was completely drained. This 
can happen if the pumps are activated manually, or if the switch is faulty. Reported 
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pump replacements support this theory. 
Pump rates (gal./min.) were calculated from the manufacturer's pump performance 
curves, the piping system characteristics (including pipe dimensions, length, and head), 
and pump run times, using standard fluid mechanics relationships. Cumulative volume 
pumped from the sumps was used to estimate an aerial extent of recharge based on 
cumulative precipitation. 
Assuming that 20% of a precipitation event became deep percolating water, the 
systems at 100 and I OOa drain a distance of seven and fourteen feet away from their 
drain lines, respectively. The data at these sumps were the only data that could be used 
with confidence. This analysis implies that the sumps did not impact the groundwater 
flow except ~ close to the building. 
Dye traces verified the extent of impact upon the groundwater flow. Dye injected 
into MW8, approximately 50 feet from the sump system under building 2000 (GWS-6), 
was not observed in the groundwater captured by the sump system. At building 400A, 
the sump system (GWS-5) captured dye injected into a stand pipe situated in the shallow 
construction fill approximately 50 feet from the building. Dyes injected within buildings 
400A and 2000 prior to this study were also captured within the sump systems. It is 
probable that any spill within the building would be captured by the sump systems. Any 
spill within seven to fourteen feet of a building would also probably appear in the sumps. 
Geomorphic Analysis 
Geomorphic analysis is the study of the characteristic landforms of a region to 
determine patterns or trends that may be present. In a karst region, these features include 
sinkholes, caves and disrupted surface streams. These features can provide information 
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regarding general groundwater flow direction and extent of karst development. In the 
study area, caves are not prevalent, therefore sinkhole analysis was judged to provide the 
most relevant information. 
Sinkhole delineation Sinkholes are the most obvious karst feature in the study 
site. Analysis of pre-construction aerial photographs in conjunction with field 
reconnaissance allowed for a more accurate determination of sinkhole locations. The 
stratigraphic occurrence of each sinkhole was noted. In cases where the sinkhole cut 
more than one unit, the lowermost unit was noted. The stratigraphy was compared to 
sinkhole area and depth and the orientations measured. 
The predominant orientation of mapped sinkholes followed a NW-SE trend, which 
implied that groundwater flow will also follow this trend. Analysis of stratigraphic 
occurrence indicated that in excess of 60% of the sinkholes occurred in the lower 
Tanglewood member on the topographic maps. No sinkholes were evident in the Clays 
Ferry member on the maps. Analysis of sinkholes identified from aerial photographs 
indicated that 43% of the sinkholes (within the aerial photo boundary) occurred surfically 
in the Clays Ferry member. This implies that sinkholes do occur in the Clays Ferry 
formation but are too shallow to be evident on 20 foot interval contour maps. The 
shallowness is attributed to lithogical controls exerted by the upper Tanglewood (see Fig. 
10). 
Calculated characteristics Linear features on aerial photographs only indicate a 
small surface expression of what is a fracture zone. These zones can extend well beyond 
what is delineated by a single line. To account for this fracture zone, 100 foot fracture 
trace buffers were created. Buffer coverages were then overlayed with lithology, 
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sinkholes, spring occurrence, and joint orientations to determine any relationships which 
might exist. Linear features follow the NW-SE trend that predominates the Inner 
Bluegrass karst region. The Railroad Spring was located at the intersection of major 
fractures. Using structural features to find karst expressions implies that structural 
controls effect groundwater flow and hence, spring formation. 
Sinkhole alignments located in the study area follow the structural NW-SE trend 
mentioned above. Because sinkholes are points of groundwater entry to the deeper 
conduit system, this alignment implies the predominant direction of conduit formation is 
also NW-SE. 
DRASTIC Evaluation 
DRASTIC methodology was developed by the National Water Well Association. 
It is a standardized system designed to utilize existing information to determine the 
groundwater pollution potential of an area (Aller et al., 1987). 
Couch (1988) performed a DRASTIC evaluation of four (4) geologic quadrangles 
in the Inner Bluegrass Karst Region including the Georgetown and Centerville 
quadrangles covered in the study area. Her results showed that the portion of this study 
area located on the Georgetown and Centerville quadrangles have a DRASTIC index of 
180-199 for interbasin areas and ranges of 100-139 for groundwater basins to near stream 
areas. Areas associated with the Clays Ferry Formation had an index range between 128 
and 139. 
No significant differences from those DRASTIC parameters determined by Couch 
were noted with the exception that the TMM site was largely covered by the Clays Ferry 
Formation prior to construction. Therefore the DRASTIC index range for the site is 
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between 128 and 139 rather than the higher range she found for interbasin areas. Even 
though Couch concluded that the DRASTIC method does not always apply to karst areas, 
the fact that the index is lower for the TMM site would indicate that the materials on site 
are less likely than surrounding areas to allow contaminants to penetrate very deep into 
the groundwater system. 
Groundwater Chemistry 
A chemical characterization of the groundwater in the study area was performed 
to better understand the relationship of groundwater occurrence and movement on and off 
the TMM site and to document water quality at other points in time. Data collected in 
previous investigations (Mull, 1968; Scanlon, 1985; Sullivan, 1986; Law Engineering, 
1986), from TMM personnel, and the current study were compiled for comparison. 
These data are presented in tabular form in Appendix E. Mull (1968), Scanlon (1985), 
and Sullivan (1986) reported water quality data from Marshall Spring. Law Engineering 
collected water samples from the six monitoring well nest locations on the TMM site and 
reported the groundwater chemistry for the twelve points in the groundwater. Seven 
parameters were selected from the Law Engineering results (Table 1) for comparison 
purposes because drastic differences between results from this study for selected wells 
were observed for nitrate-nitrogen values. Monitoring wells MW4D, MW5D, and 
MW6D all have elevated levels of nitrate-nitrogen. The other monitoring wells also have 
higher values than found in the current study but are within the range of what could be 
natural for an agricultural site. The current study values are more representative of an 
area that has not been impacted by agricultural activity. The equilibrium conditions for 
nitrate-nitrogen are such that the remaining values from Law Engineering and this study 
20 
are not in contradiction. Monitoring wells MW4D, MW5D, and MW6D had elevated 
concentrations of chloride, fluoride, sodium, and potassium, attributed to the penetration 
of the fresh-saline water interface. 
Table I. Deep monitoring well water quality comparison of selected parameters. 
Well Source NOrN S04 Cl K Na Ca pH 
MWlD Law 4.52 11.5 40.9 7.80 66.5 76.0 7.8 
UK 0.07 15.1 83.2 5.76 106.0 67.9 7.7 
MW2D Law 3.88 59.0 28.9 5.91 10.7 133.0 7.3 
UK 0.14 103.0 78.6 5.90 104.0 65.2 7.7 
MW3D Law 3.42 65.0 52.9 7.78 56.5 175.0 6.8 
UK 0.27 123.0 14.7 3.96 14.3 127.0 7.3 
MW4D Law 37.0 12.3 1489.5 44.48 1112.0 871.0 7.5 
UK 0.11 17.4 413.0 8.58 536.0 6.1 8.4 
MW5D Law 29.65 113.0 1944.4 62.80 · 1013.0 434.0 8.3 
MW6D Law 26.50 68.8 1104.6 40.32 1713.0 321.0 10.6 
Chemical concentrations are in mg/1. Law Engineering (Law) samples were collected 
between 8n/87 and 8/11/87. Current study (UK) samples were collected between 
6/8/95 and 6/9/95. 
As indicated above, groundwater chemistry can be related to the land use. An 
examination of pre-construction aerial photographs revealed that the previous land use 
surrounding all monitoring well nest locations was agricultural. A brief description of 
each monitoring well location follows. 
Monitoring well nest 1 is located approximately 50 feet SE of a line of farm 
ponds and about 150 feet upgradient of a small tributary of Dry Run. Prior to 
construction, the location was pastureland with a light cover of trees in the area. 
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Currently, the test track perimeter fence is located approximately 75 feet to the east of 
monitoring well nest I. The remnants of the farm ponds no longer hold water. 
Monitoring well nest 2 has been little affected by site construction. The field in 
which it is located remains grassland. During field reconnaissance, it was noted that hay 
was still being cut on this property. However, a railroad spur into the TMM site was 
installed along the southern perimeter of the field in which the well nest is located. 
Monitoring well nest 3 is located approximately 50 feet west of a small tributary 
of Lanes Run on the northeast side of the TMM facility. Pre-construction use was 
pastureland. According to grading plans and site reconnaissance, very little disturbance 
of the land occurred in this area during construction. 
Monitoring well nest 4 is located closest to the TMM facility of the older 
established monitoring well nests. Aerial photos indicate that this location had been 
utilized as cropland. The well nest is located on what is now an unpaved storage yard 
approximately 700 feet to the east of Building 800. Field reconnaissance indicates the 
yard is used for stockpiling of used manufacturers equipment and storage frames. Due to 
leveling activity, the wells had been extended upward approximately 12 feet through fill 
material. 
Monitoring well nests 5 and 6 no longer exist due to construction that has 
occurred in these areas. Monitoring well nest 5 was located in what had been a tilled 
field. During construction, this area served as a trailer parking area for the construction 
companies. Currently this area remains a gravel-covered lot with little activity. The 
location of monitoring well nest 6 was a pasture prior to construction. Currently the 
location is adjacent to the Fitness Center, where extensive grade work was performed. 
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The most recent wells (MW7, MW8, MW9, MWlO) developed on site are 
adjacent to Buildings 400A and 2000. Prior to construction, both of these locations were 
ridgetop pastures. Extensive cut and fill modifications were made to these areas during 
construction. MWlO is located in a cut area while MW7, MW8, and MW9 are located 
in fill areas. 
The current study collected 19 water samples, which included eight from the 
remaining four monitoring well nests, one from a new well installed adjacent to Building 
2000, one from each of the six groundwater sumps, and one from a sump in Building 
3000. In addition, water samples were collected off-site at Marshall Spring, Darby 
Spring, and Railroad Spring. 
For most parameters measured, all study results fall within the range of natural 
waters and appear to be in agreement. Law Engineering's data showed high nitrate-
.nitrogen (26.5 to 37.0 mg/I) in MW4D, MWSD and MW6D whereas University of 
Kentucky data range between 0.07 and 0.27 mg/I. Due to the high salt content of 
MW4D, MWSD and MW6D, the specific ion electrode method of analysis utilized by 
their subcontractor often gives erroneous results. The high values obtained have been 
contradicted by this study. 
Utilizing the classification system of Khan et al. (1972), the groundwater at all 
sampled sites was divided into four types: 
1. Calcium-magnesium-bicarbonate (CaMgHC03) 
2. Calcium-magnesium-bicarbonate-sulfate (CaMgHCOrS04) 
3. Sodium-bicarbonate (NaHC03) 
4. Sodium chloride (NaCl) 
The majority of the water in the region falls into the CaMgHC03 class. Table 2 
illustrates how the wells on the site were classified. The fact that all the water is not one 
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type may indicate some mixing is occurring in the screened interval, as suggested by 
Freeze & Cherry (1979). The exception would be the NaCl (saline) water which is 
representative of very stagnant water zone. 















*MW4D had higher HC03 levels but was still classified as a NaCl well. Monitonng 
wells MW2S, MW5S and MW6S were not sampled because water was not available. 
According to the hydrologic atlas produced by Palmquist and Hall (1960, 1961), 
saline waters are expected to be encountered in wells drilled in topographically high 
regions. MW4D is located closer to the pre-construction topographic high than any of 
the other remaining monitoring well nests and consistently shows the highest salinity. 
Water will remain saline only if it is relatively immobile. Therefore, it was concluded 
that the water monitored by MW4D, MW5D, and MW6D is immobile and for all 
practical purposes, not hydraulically connected to surface activities on the TMM plant 
site. 
Leaching experiments performed by Hendrickson and Krieger (1964) indicated 
that argillaceous limestones such as the Millersburg member are higher in sulfate than 
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relatively purer limestones such as the Tanglewood member. This higher sulfate is 
attributed to the solution of pyrite from the more abundant shales. MW2D and MW3D 
are located in areas where the Millersburg member is more prevalent, and the higher 
sulfate levels in these wells can be attributed to the greater amounts of shale exposed to 
the screened interval. Higher levels of sulfate on the TMM site may also be attributed to 
excavation of interbedded shales and limestones on site and the subsequent use of these 
materials in the fill material used during construction. Exposure to increased amounts of 
oxygen in fill locations will increase the rate of sulfate solution from pyrite. Elevated 
sulfate levels in MW 4S and MW7, wells located close to buildings, supports the idea that 
disturbances at the site since initial construction have continued to influence changes in 
the groundwater chemistry expected at these locations. Continued high levels of sulfate 
in shallow water near MW4S and MW7 is probably geologic in origin and to be 
expected. 
Of interest is the similarity, yet slight difference in, the chemistry of the springs. 
Note (Appendix E) that the Darby Spring chemistry is different than the larger springs. 
This is consistent with the idea that Darby Spring is a high level spring and not 
hydraulically connected to the larger springs. Also, the water chemistry of the 
monitoring wells is different from the larger springs indicating that a direct connection 
does not exist here either. 
The groundwater chemistry analysis shows that the groundwater on the site is not 
the same as that found in the larger springs. The presence of Na-Cl water indicates that 
not much groundwater movement is occurring on the site and that which is moving is at 
the soil - bedrock interface. Water or chemicals lost within the plant that may have 
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escaped from dry sumps would not move very far from the site unless the sumps were 
located over deep fill material which would indicate that a buried valley was present 
beneath the structure. 
Dye Tracing 
A dye tracing program was developed to gain an understanding of the 
groundwater system within the study area. By inserting dye into the groundwater system 
at selected locations (sinkholes, losing streams, and wells) and monitoring for the dye at 
groundwater discharge points (springs, creeks, and sump pump discharges) groundwater 
flow paths were verified. The procedures and methods described by Thrailkill et al., 
(1983) were employed. Hydraulic connection between sinks, swallets, and monitoring 
wells to springs and sump systems have been confirmed through a series of six dye 
traces (Fig. 12). Two traces were made from within discrete losing stretches of Lanes 
Run and Dry Run creeks. Two traces were initiated from open holes at the bottom of 
sinkholes. A trace was made from a standpipe next to building 400A, and from a 
monitoring well (MW8) near building 2000. 
An intensive field investigation was performed to locate probable discharge points 
for groundwater that would originate from within the TMM property. Preceding the 
placement of dye into discrete points, the background presence of the dyes to be used 
had to be determined. Forty-two detectors were placed in the springs and streams where 
groundwater was expected to discharge. Figure 12 shows the location of the detectors 
and Table AD-1 in Appendix D shows which detector was used for each trace. After the 
original placement of the first 38 detectors, very weak detection of fluorescein was found 
in 23 detectors. A similar result was obtained on the second analysis six days later, but 
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not nine days later when the detectors were tested again. When the detectors were 
analyzed 12 days later the weak fluorescein was detected again. After that, only sporadic 
detection was found. There is no explanation for this occurrence of fluorescein and its 
presence did not affect the dye trace test. Each of the positive dye trace test are 
discussed below. 
Lanes Run - Marshall Spring dye trace A trace was conducted from the 
swallet in Lanes Run on January 26, 1995, using optical brightener. Forty detectors were 
monitored (see Appendix D) but the sole dye trace was to Marshall Spring. This trace 
confirmed a previous trace by Commonwealth Technlogy, Inc. in 1986. 
Sinkholes dye traces On February 3, 1995, dye was introduced in to sinkhole 
swallets located on site. Rhodarnine WT was introduced into a swallet located in a field 
just east of the TMM Day Care Center at approximately noon. Residents on an adjacent 
farm visually confirmed the presence of dye in a small branch southeast of the injection 
point approximately 3 hours later. Sixty-two detectors (see Appendix D) were used in 
this dye trace test and a dye detector located at the intersection of this branch stream 
with Cherry Blossom Way was positive (Fig. 12). A previously undetected spring 
(identified in this study as Darby spring) was subsequently located along the branch. No 
other detectors picked up this trace. 
In the other test, optical brightener was introduced into a sinkhole swallet located 
in a field to the northwest of the test track access road. This trace was detected at a high 
level spring located on site in the wooded area just west of the swallet. Sixty-two 
detectors (Appendix D) were used in this study and only the small spring was positive. 
Monitoring well dye trace At monitoring well MW8, Rhodarnine Wt was 
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introduced on February 23, 1995, and dye was detected in monitoring well MW9 
approximately 50 feet away. The dye has not been detected at any of the 50 other 
locations, including the sump system of building 2000 (GWS-6). 
Dry Run - Railroad Spring dye trace On April 17, 1995, Rhodamine was 
injected into a swallet within Dry Run and was detected at the Railroad spring. The 
spring feeds the North Elkhorn and so the dye was also detected at the confluence of Dry 
Run and the North Elkhorn. No dye was found in the other detectors (see Appendix D). 
Stand pipe - sump at 400A dye trace On Friday April 28, 1995, 3 kg of 
Fluorescein were injected into a stand pipe located outside of 400A within the soil-
bedrock. The following Monday, personnel at Toyota's waste water treatment unit 
reported the presence of dye in the sump system at building 400A (GWS-5). Detectors 
placed within the sump also continue to detect the trace. Dye was not detected in any 
other detectors (see Appendix D). From this, it was concluded that the sump system 
captured water that entered through the construction backfill. Because dye that was 
injected in MW8 was not detected in a sump, it was surmised that water in the rock 
system cannot move rapidly to the sump. 
The dye trace effort identified two separate conduit ·systems and a diffuse upland 
epikarstic system. The swallets in Lanes Run connect surface water in the creek to 
Marshall Spring. During high flow periods, Lanes Run flows full and only a portion of 
the flow is diverted to Marshall Spring. During low-flow periods, all flow in Lanes Run 
may be pirated to the Marshall Spring system. The second conduit system was found 
through a trace from a swallet in Dry Run (Fig. 12) to Railroad Spring. 
The area between these two systems is where the TMM site is located. This area 
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is considered to be part of an epikarstic system. The epikarstic system was defined by 
dye traces from shallow sinkholes to upland springs. The sinkhole located near the Child 
Care Center is connected to an upland spring located off the TMM property, identified as 
Darby Spring. The second trace was from a sinkhole to a nearby upland spring on the 
TMM property. The upland system exhibits weak karst development in that flow does 
not cover long distances underground and individual springs do not carry high flow rates. 
The trace from MW8 to MW9 is along pre-construction topographic slope and implies 
that epikarstic groundwater flows parallel to original topographic slopes. 
GROUNDWATER FLOW CONCEPTUAL MODEL AND FLOW MAP 
Figure 14 is a map view of the groundwater surface showing the selected near 
surface groundwater flow directions. Because the groundwater surface will be controlled 
by the soil-bedrock interface, the near surface groundwater flow will be related to the 
bedrock topography. That is why this map shows much more relief than the Law 
Engineering Groundwater Map (Figure 2). The groundwater movement will be down 
gradient toward depressions in the bedrock surface such as small gullies or valleys and 
any remnants of sinkholes that were left behind after construction. 
It should be noted that a second groundwater high is present in the southwestern 
part of the TMM site. The 910 foot contour is closed and groundwater would flow away 
from it on all sides. This is located near the Child Day Care Center. This, in effect, 
isolates this area from the activities at the main plant location. 
As water moves through the system, it may occur as groundwater within a 
shallow zone (0-25 feet) below ground level in the epikarstic zone, at the soil bedrock 
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interface. Groundwater in this zone is relatively fast flowing, with some of it exiting as 
hillside springs controlled by relatively impervious rock layers (typically shale) and some 
moving toward the local streams (Dry Run or Lanes Run). Upland sinkholes provide 
part of the recharge and hillside springs and local streams are representative of shallow 
groundwater discharge. 
Monitoring well data from MWlD and MW3D indicate that groundwater 
movement also has a downward component of flow. This groundwater will become part 
of the regional groundwater flow system. It may discharge in larger springs located 
along stream valleys such as Marshall Spring, or the Railroad Spring identified by this 
study, and/or contribute to the flow of larger streams such as North Elkhorn Creek as 
fracture flow. Conduit development on site that is due to downward moving 
groundwater is very sparse or nonexistent. Support for this conclusion is related to both 
the high salt content of the groundwater located near the center of the TMM property and 
the dye trace data. 
Shale layers and unfractured limestones within the center of the ridge direct 
downward moving groundwater laterally along bedding planes. Groundwater occurring 
below these units may experience little or no flow. Because the shales and limestones 
are interbedded and quite variable in both extent and the degree of fracturing, it is 
believed that pockets or zones of stagnant groundwater exist. These zones may receive 
little recharge from infiltrating rain water. This water is saline and has probably 
experienced little to no flow. Conduit development does not occur within these stagnant 
waters. 
Conduit development is conceptually shown on Figure 13. From dye injection 
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into swallets within Dry Run and Lanes Run, the dye has been traced to Railroad Spring 
and Marshall Spring, respectively. These springs discharge into North Elkhorn Creek. 
Surface waters draining the interior of the plant site will eventually flow into the streams 
and then into the swallets. During high flow, the swallets do not capture all of the 
streams water. 
Sumps and their associated drain fields, installed to relieve hydrostatic pressure 
from deep basements, create deep cones of depression within the water table (see Fig. 
13). Precipitation is captured and diverted as it falls upon roofed and paved areas. Water 
from the sumps is typically routed to the detention ponds and not treated, but its 
chemistry is monitored. If the need arises, the water can be routed to the water treatment 
system. Some paved areas near potentially hazardous buildings (such as the paint shop) 
have surface water collection systems that can divert flow to the water treatment system. 
This water is typically sent to detention ponds. The storm ponds are constructed without 
a clay layer (bed rock is exposed in their bottoms), and may act as groundwater recharge 
zones. 
General circulation is shown to be east and westward away from the topographic 
high and southward. This map (Fig. 14) shows the projected groundwater surface 
contours for the TMM property only. The groundwater high trends roughly north south, 
as does the topography, and can be seen within the 910 foot contour. Groundwater lows 
occur along the streams discharging at the southeastern and southwestern property 
boundaries. Groundwater is shown to occur as cones of depressions around sump 
systems. The cones of depression are depicted by hatch marks within closed contours. 
Groundwater will move from the higher elevations toward the lower elevations, and a 
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sampling of groundwater flow directions are depicted as arrows. 
Groundwater Map For The TMM Site 
After analysis of all of the information collected for this study, the map shown in 
Figure l S was constructed. This map was developed to show the potential relationship 
between precipitation, plant discharges, and groundwater. The TMM site can be divided 
into two zones based on the groundwater map. It can be seen on Figure 14 that a 
groundwater high is shown within the 910 foot groundwater contour line. If one draws a 
line through the middle of this area from north to south, the site is divided into two 
zones. In the zone to the east side, groundwater flows primarily to the east and 
probably discharges into Lanes Run. For the zone to the west side, surface water 
eventually discharges to Dry Run and groundwater probably discharges there as well. 
With the construction of all of the buildings on the site, the recharge to the system is 
altered. Figure 15 shows this by indicating the sump catchment area for a portion of the 
plant. For those parts of the plant not protected by a sump drainage field, the 
groundwater will flow to either the Lanes Run zone or the Dry Run zone. This figure is 
presented to show that all surface water discharged from the plant will either end up in 
the Dry Run Swallet and then to Railroad Spring or in Lanes Run Swallet which will end 
up in Marshall Spring. Some groundwater that originates from the TMM site will also 
end up at these two locations as well but the travel time will be much longer. 
Velocity Range Determinations 
Two different types of karst systems have been described. The deep flow system, 
typical of the conduit between Lanes Run and Marshall Spring, is essentially a collector 
system that receives surface water from TMM but resides off site. The shallow 
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epikarstic system is typified by the conduit between the sinkhole near the Child Care 
Center and Darby spring. These two systems are structurally different and, as such, have 
different groundwater flow velocity characteristics. 
A trace was performed by Sullivan (1986) between .the Lanes Run swallett and 
Marshall Spring. The reported travel time (time between dye injection and dye 
detection) was 73 hour. These data were collected on an hourly basis at Marshall Spring. 
The straight-line distance between Lanes Run swallett and Marshall Spring is 13,125 ft. 
The best estimate of velocity that can be made is a straight-line estimate even though the 
flow path is not a straight line. 
In the current study, a trace was performed between Dry Run swallett and 
Railroad Spring but the time between dye injection and collection of the dye detector was 
three days. Therefore, the resulting velocity estimate is the lowest possible velocity 
between the two points. It is both possible and likely that the velocity was greater. The 
reason that an hourly-sample type of estimate could not be made was that the water 
supply was not sufficient to accommodate an automated sampler without contaminating 
the sample. The dye traveled 4750 ft in three days or less. 
Another trace was performed between an unnamed swallett and Darby Spring. 
The dye, the presence of which was visually confirmed by the landowner, traveled 750 ft 
in approximately three hours. Finally, a fourth trace, sampled three days after injection, 
in the Northwest portion of the TMM site resulted in a travel time of 72 hours over a 
distance of 563 ft. 
The straight-line velocity was calculated for each of the four dye traces and the 
results are tabulated below: 
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Table 3. Velocity estimates for dye traces in the Georgetown, KY geologic quad sheet. 
Receiving Spring Distance Time Velocity 
Railroad Spring 4,750 ft 72 h 1,584 ft/day 
Marshall Spring 13,125 ft 73 h 4,320 ft/day 
Darby Spring 750 ft 3h 6,000 ft/day 
Fourth trace 563 ft 72 h 192 ft/day 
The Marshall Spring trace and the Darby Spring trace represent the most accurate 
velocity estimates and, coincidentally, represent the two types of systems (epikarstic and 
deep conduit). The range of velocities found in the epikarstic system below the TMM 
site is between 192 ft/day and 6,000 ft/day, with the expected velocity being closer to 
6,000 ft/day. The range of velocities found in the deep conduit system surrounding but 
not beneath the TMM site is between 1,584 ft/day and 4,320 ft/day, with the expected 
velocity being closer to 4,320 ft/day. 
A study at Russell Cave Spring (Thrailkill et al., 1991) estimated velocity in the 
range between 1527 ft/day and 6584 ft/day, depending on stage. The Russell Cave 
Spring system is in a geologically similar situation to the deep conduit system near the 
TMM site. These velocity data are similar to the velocity range determined in this study. 
A velocity was determined for an upland spring called Boggs Spring (Thrailkill at al., 
1979) that would be similar to the upper level springs on the TMM site. The velocity 
was 395 ft/day. Only the low-flow velocity was determined in this study. Again, this 
velocity is similar to the velocity range determined in this study. The similarity between 
reported velocity ranges and the velocities determined in this study substantiate the 
validity of the values. However, higher velocities can be expected when the flow is high 
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because most data collected on the TMM site were collected during low to intermediate 
flow. 
The velocity estimates consider only transport in the karst rock systems. Spills 
that occur on "engineered fill" must first move through or over the fill, prior to entering 
the karst flow systems. Because fill can range from rocky, relatively uncompacted soil 
to well compacted clay soil, the travel time through the soil and the partitioning of water 
into surface runoff and infiltration is extremely variable. Hence, the fate of a particular 
spill is controlled by more that just the karst system. 
Additionally, passage through the soil is effected by precipitation following any 
spill and the amount of spilled material. For example, a 30 gal. spill of oil on a dry soil 
would probably not migrate very rapidly to the karst system. Conversely, a 5000 gal. 
spill of alcohol on a wet soil would migrate to the karst system, both by surface flow and 
infiltration, in a matter of several hours to a couple of days. 
SUMMARY AND CONCLUSIONS 
An eighteen month study of the Toyota Motor Manufacturing plant site and 
surrounding area was undertaken to address groundwater occurrence and flow direction. 
Because the area is karstified, surface water and groundwater are intimately connected, 
hence, many references to surface water are also in the report. Data were compiled from 
pre-construction investigations, city of Georgetown reports,. University of Kentucky 
investigations, Soil Conservation Service data, and other publically available sources. 
Maps were produced to describe topography, geology, hydrology, and land use. Aerial 
photographs were used to augment the details in these maps. Field investigations were 
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then pursued to confirm and augment previously collected information. Field 
investigations included locating sinkholes, springs and swallets, water chemistry 
sampling, monitoring well level data collection, and dye tracing. Data were then 
analyzed and assimilated into a conceptual model of water flow, a potentiometric map, 
and groundwater flow velocities. 
Fifty-one sinkholes were found on site, and 182 were delineated in the entire 
study area. Several wet-weather seeps and springs were identified on site. On the TMM 
property only five sinkholes remained relatively undisturbed; the others were either 
removed by excavation or filled in. Two separate swallets and spring systems were also 
identified. All of these features point to a karst setting which is contradictory to the 
results of a previous study. 
Water chemistry analysis identified an area where deep wells encountered saline 
water. This is a zone that does not have much subsurface water movement. It was 
incorrectly identified as having high nitrate values in a previous study. There is also an 
area where unusually high sulfate concentrations were found. This area (Northeast 
section of TMM site) is where the Millersburg formation is prevalent. The Millersburg 
is associated with shales, which contain pyrite. This pyrite leaches, resulting in high-
sulfate water. Continued high sulfate water in this area is naturally occurring and to be 
expected. 
The greatest conduit development occurs in the deep, more massive and pure 
Tanglewood limestone. Topographically, the TMM plant is 30 to 60 feet above this 
zone. In between the Tanglewood and the surface on the plant site is a zone of shaley 
material that restricts downward flow. It is unlikely that water from the TMM plant can 
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move directly downward and enter the conduit systems. 
The structural and stratagraphic analysis indicated that the Millersburg formation 
would inhibit downward flow. Both conduit development and zones of saline water 
support this concept. It was concluded that, in places, there is a perched water table 
supported by the Millersburg formation and extending into the upper Tanglewood (see 
Fig. 13). 
Because no wells penetrated the lower Tanglewood, it is not known if that zone 
below the plant is saturated or not. It is suspected that it is saturated with relatively old, 
very immobile water but study results do not prove this. The head potential in this zone 
would be downward but the time for significant movement is measured in hundreds or 
thousands of years. 
Several sumps drain the deeper excavations beneath the TMM plant. A cone of 
depression is created adjacent to the plant where the drain tile is located. However, the 
influence of these sumps does not extend past the area disturbed by excavation. This is 
estimated at between 7 and 14 feet laterally away from the buildings. More specifically, 
groundwater in fill material migrates to the sumps where head conditions are appropriate. 
Epikarstic (top-of-rock) flow moves predominately in lateral directions for 
relatively short distances and flows parallel to the original topographic slopes. 
Dye tracing identified the Lanes Run-Marshall Spring groundwater basin (eastern 
half of study area) and the Dry Run-Railroad Spring groundwater basin (western half of 
study area). The plant buildings are fairly isolated hydraulically from either basin 
because of the sump drainage. As long as the sump water is held in a storage tank and 
tested, inadvertent spills in the buildings or immediately adjacent to the buildings should 
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be easily identified and contained. 
An exception is the southernmost set of plant buildings in the plant which has no 
sump system. For those areas where sumps are not present, the surface water and 
groundwater will flow to one of the zones indicated. Spills outside of these buildings 
have a higher probability of flowing through an active epikarstic flow system in 
subsurface and surface flow to Lanes Run and then to Marshall Spring. 
RECOMMENDATIONS 
The current monitoring well locations (MWl, MW2, MW3 and MW4) and the 
new monitoring wells outside building 2000 (MW?, MWS and MW9) and building 400 
(MWlO) only partially cover the potential areas where pollutants could move from the 
TMM facility. The following discussion defines a rationale for additional monitoring 
well locations. The development of a monitoring program requires two major sets of 
information: 1. The nature of the potential contaminants that can contact the 
groundwater; and 2. The nature of the groundwater system in the area where the 
contaminants could be released. 
It will be assumed that the kinds of contaminants that can be released could be 
highly soluble or nonaqueous materials in either light or dense phases or any 
combination of these. It will also be assumed that the soil - bedrock interface will 
control the near surface groundwater flow but that a deeper system can be accessed. 
Another assumption that will be made is that potential contaminants can be released from 
all plant buildings (not just the buildings located at the southern most part of the TMM 
site). 
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The groundwater flow system shown in Figure 14 and the cut and fill map shown 
in Figure 16 will help in the location of future monitoring wells for the TMM site. 
Proposed monitoring locations are also shown on Figure 16 because the location relative 
to the fill is important. The proposed locations have been identified by letters so as to 
avoid confusion with the existing monitoring wells. Thirteen monitoring locations have 
been identified, ten on the TMM site and three off site. The off site locations are springs 
and the onsite locations are eight monitoring wells and two springs. The monitoring 
wells should be a nest of a shallow well to monitor the soil - bedrock interface and a 
deeper well to insure that dense fluids have not moved into the deeper groundwater. It is 
possible that these deeper wells will not really reflect what is occurring at the surface but 
may be isolated from most groundwater movement. They should to be placed to insure 
that there is not a deeper moving system, as postulated by this study. 
The following listing of locations includes the logic behind each selection. 
Location A would address the fill and zone below the area associated with building 800 
Phase 3 (Fig. 6) and possibly building 800 Phase 2. Location B would address the fill 
and zone below the area associated with building 800 Phase 2 and building 800 Phase I. 
Location C would address the fill and zone below the area associated with building 300. 
Location D would address the area around the water processing plant. Exact locations 
would require more detailed field work because it is not located over a fill area. 
Location E would address the upper end of a fill and a zone below the area associated 
with buildings 200, 400, 400A, 100, and IOOA. Location F would address the fill and 
zone beneath building 3000. Location G would address the fill and zone beneath 
building 3000. Location H would address the fill and zone beneath building 2000. 
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Depending on the activity in this building this nest may not be required. 
It is recommended that, if a new monitoring program is initiated, at least two 
wells be drilled to the Grier formation at the north and south end of the site to verify the 
stratigraphic position of this unit and the amount of karstic development, if any. 
Springs should be monitored as well. On site, two springs have been identified 
for regular monitoring for flow and water quality. They are Spring #3 and Spring #5. A 
description of these springs and their location can be found in Appendix D and Figure 5. 
Spring #5 was not sampled but was noted to be high in iron froin the color of stains on 
the rocks where the spring emerges. It is anticipated that Spring #3 will always be clean 
unless new activity is initiated near the sinkholes which is a recharge zone for the spring. 
Off site, three springs have been identified for monitoring. Two of these springs 
are the larger springs connected to the swallets in Lanes Run and Dry Run. These are 
Marshall Spring and Railroad Spring. The third spring is a smaller spring called Darby 
Spring by this study. It represents flow from the southern part of the TMM site. 
All monitoring locations should be monitored at least twice a year and more 
frequently if a release has occurred in the vicinity of one of the locations. The chemical 
parameters measured should be those that were used in this study. 
Samples should be taken in such a way as to build a record that represents all 
periods in time. A sampling program that only collects samples during, for example, 
November and March may never show the normal impacts of dry weather on chemical 
fate and transport. Therefore, a program that sampled every nine months would contain 
samples from every quarter. It would require six years to build up representative values 
but would require eight sampling cycles as opposed to quarterly sampling which, over six 
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years, would require twenty-four sampling cycles. 
If twice-yearly sampling is desired, the sampling should be done in such a way as 
to obtain samples during representative "wet" periods (Nov.-March) and representative 
dry periods (May-Sept.). 
A second concern regarding sampling is referred to as "defensive" sampling in 
which samples are collected from areas that the TMM plant has the potential to impact, 
such as Lanes Run. This develops a record of water quality so that normal variations in 
water quality parameters are not attributed to TMM activity. A second component of 
defensive sampling is to sample water that flows onto the TMM property. This record 
precludes TMM from blame that may be attributed to upstream activity. An example of 
this would be to take samples in Lanes Run between the Georgetown treatment plant and 
the TMM property. 
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APPENDIX A 
TMM MONITORING WELL 
WATER ELEVATION MEASUREMENTS 
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DATE MWlS MWID MW2S MW2D MW3S MW3D MW4S MW4D 
6/27/90 848.2 843.8 869.7 841.2 895.9 888.9 889.3 875.3 
7/16/90 849.1 843.7 870.8 841.6 896 889.3 0 875.1 
10/16/90 849.4 844.4 870.8 840.6 895.9 889.4 0 875.6 
4/2191 849.2 844.3 870.8 841.4 896.3 887.7 888.8 876.4 
5/23/91 849.1 844.2 870.6 841.3 896 889.4 889.2 875.5 
6/22/91 849.7 844.9 871.1 841.2 896.2 889.7 889.7 876.2 
8/27/91 845.7 842.9 869.6 839.2 895.6 888.8 888.7 876.4 
11/21/91 844 842.9 867.5 839.2 894.7 889.3 887.9 873.2 
3/3/92 848.9 844.03 871.1 840.7 896.3 889.2 888.65 874.6 
6/25/92 848.1 843.8 869.7 841 895.8 889.4 888.3 875.6 
7/15/92 847.7 843.5 869.7 841.1 895.3 889.1 888.8 876.2 
6/27/94 846.59 842.65 869.41 840.72 886.47 888.2 873.26 
8n/94 847.77 843.24 869.56 840.95 895.69 887 888.65 875.94 
10/5/94 846.14 842.53 869.29 840.45 895.33 885.9 888.9 875.2 
12/27/94 847.57 843.7 896.15 887.68 
119195 848.15 843.89 872.42 841.52 896.25 888.98 890.55 876.51 
2/1/95 849.37 844.91 872.74 841.95 896.39 888.21 889.76 879.01 
2/10/95 847.8 844.34 871.36 841.75 896.28 887.91 889.63 878.48 
2/22195 848.72 844.48 872.04 841.72 896.34 887.9 889.63 878.17 
2/23/95 
2/27/95 848.24 844.02 871.32 841.53 896.21 887.68 889.56 877.81 
3/6/95 848.03 843.87 872.06 841.73 896.52 887.9 889.65 877.28 
3/13/95 849.62 845.03 872.32 841.9 896.33 887.83 889.75 877.87 
3/31/95 ~47.55 843.5 870.76 841.4 896.05 887.5 889.45 877.08 
4/25/95 849.52 844.6 872.2 841.92 896.27 888.22 889.8 876.33 
512195 848.27 844.25 870.89 841.82 896.38 888.1 889.66 877.26 
5116/95 850.09 845.22 871.95 842.23 896.31 888.25 889.8 877.85 
6/8/95 843.9 870.9 841.54 896 887.4 889.7 879.07 
7/1/95 847.08 843.05 895.82 886.63 889.51 877.12 
Note: Elevations are feet above sea level. 
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DATE MW5S MW5D MW6S MW6D MW7 MW8 MW9 MW!O 
6/27/90 920.4 896.7 901.9 872.9 
7/16/90 920 895.3 902.2 885.4 
10/16/90 919.3 895.4 902.1 868.4 
4/2/91 920.9 896.9 902.3 872.4 
5/23/91 919.7 896.2 901.75 873 
6/22/91 921.4 896.6 901.8 874.3 
8/27/91 900.4 872.1 







12/27/94 900.83 896.1 894.91 905.22 
1/9/95 900.97 896.15 895.09 905.39 
2/1/95 901.2 896.55 895.51 905.52 
2/10/95 901.04 896.29 895.43 905.35 
2/22/95 900.94 
2/23/95 900.94 895.99 894.97 906.6 
2/27/95 893.03 895.4 905.23 
3/6/95 896.8 895.33 905.76 
3/13/95 901.14 897.02 895.76 905.39 
3/31/95 900.4 895 905.1 
4/25/95 905.6 
5/2/95 905.43 
5/16/95 900.75 895.3 904.85 
6/8/95 901.08 





The following is a listing of 75 coverages created during the course of this investigation. Information 
pertinent to each layer includes name of the layer, type of coverage (ARC, POINT, POLYGON), brief 
description of contents, source of data, and associated attribute data. 
BENCHMRK 
The benchmark layer contains random elevation points across study area. This layer is utilized in the 
preparation of 3-D site representations made with the ARC TIN module. The data points were digitized from 
l :24,000 scale U.S.G.S. 7.5 topographic maps of the study area. Associated attributes for each point include 
x and y coordinates and elevation. 
BORDA TA 
The boring data map layer contains the point locations of borings drilled on site by Giffels Associates, 
Inc. and GETS, Inc. during construction phases. The data points were digitized from paper copies of I :2,400 
and I :4,800 scale maps produced by both companies. Associated attributes for each point include x and y 
coordinates; elevation; depth to bedrock; soil and rock descriptions; and any pertinent drillers notes. 
CLIPSWAL 
The CLIPSW AL layer is a boundary coverage including the TMM site and stream swallets used to 
determine the extent of cross-sections and other maps at less than the study area scale. The data source was 
I :24,000 scale U.S.G.S. 7.5 topographic maps. 
CLIPTOPO 
This map layer is a boundary coverage used to modify pre-construction site topography to 
post-construction topography. The data source was a paper copy of the Giffels Associates, Inc. I :3,600 scale 
Seeding Plan Sheet. 
CLIPTMM 
The CLIPTMM layer is a boundary coverage which is limited to a rectangular area just outside the TMM 
property boundary. This layer was used to produce more detailed maps of the immediate site. The data source 
was 1:24,000 scale U.S.G.S. 7.5 topographic maps. 
CONCEPT 
This coverage is a representation of the conceptual model of groundwater flow on site. It is not intended 
to be utilized as an overlay to any other map layers. The data was digitized from existing map layers with the 
CLIPTMM boundary as its limits. 
DETPONDS 
This map layer contains the polygon perimeters of the four storm ponds located on the TMM site. The 
data was digitized from a paper copy of a I :4,800 scale map produced by Giffels Associates, Inc.. Associated 
attributes include location, area and pond designation. 
DYBUGLOC 
This map layer is a point coverage showing the location of all dye .trace detectors utilized during the dye 
tracing phase of this study. The data points were digitized from 1:24,000 scale U.S.G.S. 7.5 topographic field 
maps. Associated attributes include dye detector number and x and y coordinates. A relational database exists 
which tabulates dye trace dates and detection responses. The relate field is the dye detector number. 
DYCLIP 
The DYCLIP layer is a rectangular boundary coverage. To the north, the coverage is truncated just 
beyond the TMM property boundary. The eastern, southern and western limits are set by the limits of all dye 
traces performed. The data source was 1:24,000 scale U.S.G.S. 7.5 topographic maps. 
DYSTREAM 
The DYSTREAM coverage is an arc coverage of streams limited to the extent of the DYCLIP boundary. 
The data source was 1:24,000 scale U.S.G.S. 7.5 topographic maps. 
DYTRACES 
The dye trace layer is an arc coverage of arrows indicating direction of groundwater flow from injection 
point to discharge point(s). The arcs were digitized between points located on an overlay of the SPRINGS, 
SW ALLETS, DYBUGLOC map layers. Associated attributes include dye injection date, dye type, location 
of injection, discharge point, distance traveled and travel time. 
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FRACTRA 
This layer is an arc coverage representing fracture traces mapped within the study area. The data was 
digitized from 1:20,000 scale color-infrared aerial photos overlaid by one-sided mylar. This layer was utilized 
in fracture trace analysis for spring location, sinkhole fracture trace relationship determinations and analysis 
of groundwater movement. 
FRACBUF 
This layer is a polygons coverage representing I 00 foot buffer zones surrounding each fracture trace 
mapped on the FRACTRA coverage. This layer was utilized in sinkhole-fracture trace relationship 
detenninations. This coverage was generated directly within ARC/INFO. 
FRACBUF2 
This layer is a polygons coverage representing 100 foot buffer zones surrounding each fracture trace 
mapped on the FRACTRA coverage. This layer was utilized in sinkhole-fracture trace relationship 
detenninations. This coverage was generated directly within ARC/INFO. 
FRACSNKl 
This layer is a polygon coverage generated utilizing the UNION command of ARC/INFO. It is a complex 
coverage consisting of the SINKS and FRACBUF coverages. It allows for statistical analysis of the 
sinkhole-fracture trace relationship determinations. 
FRACSNK2 
This layer is a polygon coverage generated utilizing the UNION command of ARC/INFO. It is a complex 
coverage consisting of the SINKS and FRACBUF2 coverages. It allows for statistical analysis of the 
sinkhole-fracture trace relationship determinations. 
GLYSINKS 
This layer is a polygon coverage generated utilizing the UNION command of ARC/INFO. It is a complex 
coverage consisting of the SINKS and PREGL Y coverages. It allows for statistical analysis of the 
sinkhole-lithology relationship determinations. 
GTOWNBND 
This layer is a polygon coverage representing the boundary of the city of Georgetown. The data was 
digitized from 1:24,000 scale U.S.G.S. 7.5 topographic maps. It was used as part of an overlay process used 
to produce general location maps. 
GWCLIP 
The GWCLIP layer is a polygon boundary coverage. The extent of the coverage is just beyond the TMM 
property boundary. The coverage was generated within ARC/INFO by digitizing a polygon slightly larger than 
the TMMPROP coverage polygon. This coverage was utilized to generate maps showing the potentiometric 
flow lines on the TMM site. 
GWFLOW 
This layer is an arc coverage of the potentiometric flow lines and groundwater flow directions detennined 
during this study for the TMM site. It was digitized based on topography, known water levels in monitoring 
wells, springs and seeps obtained during this investigation. 
GWFLOWST 
This layer is an arc coverage of streams limited to the extent of the GWCLIP boundary. It was generated 
using the CLIP command of ARC/INFO on the STREAMS coverage. 
INBGREG 
This layer represents the extent of the Inner Bluegrass Karst Region within the commonwealth of 
Kentucky. The data was digitized from a paper copy of a 1:350,000 scale map taken from Thrailkill et al. 
(l 982). This layer was used in the production of general location maps. 
INBGSCAL 
This layer is an arc coverage containing a scale bar for the coverages digitized at the Inner Bluegrass 
Region Scale. It is separate to allow its random placement on appropriate maps. KY 
This layer represents the boundary of Kentucky. The data was digitized from a I: 1,000,000 scale KGS 
map of Kentucky counties. This layer was incorporated into an overlay used for general location maps. 
KY SCOTT 
This polygon coverage represents the boundary of Scott County. The data was digitized from a I :500,000 
scale KGS county map. This layer was incorporated into an overlay used for general location maps. 
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LAWPOT 
This layer represents the potentiometric surface map generated by Law Environmental, Inc.. The data 
was digitized from a paper copy of a map included in the Baseline Water Program Report of 1988. This layer 
was utilized as support during the construction of potentiometric surface and watertable maps of the T:MM: site. 
LINEFEAT 
This layer contains regional scale linear features (faults, lineaments) digitized from a 1:250,000 scale KGS 
map developed by McAfee (1983). This layer was utilized as support during the fracture trace analyses. 
MONWELLS 
This layer is a point coverage of the monitoring wells located on site. These wells include the deep and 
shallow wells designated as MW-1 through MW-4; the locations of previous wells designated MW-5 and 
MW-6; and the location of the four new cased wells (designated MW-9 through MW-12) installed in December 
1994. The locations of MW-1 through MW-6 were digitized from a paper copy of a map produced by Law 
Environmental, Inc. The locations of MW-9 through MW-12 were digitized from field maps. Associated 
attributes include well designation; x and y coordinates; surface elevation of well, depth of well; depth to water; 
water elevation; and screened interval. A relational database exists which tabulates the water quality data by 
collection date, individual chemical parameters. An additional relational database exists which lists water level 
readings on specified dates at each well. 
NORTHAR 
This layer represents the direction of north relative to all maps digitized during this investigation. It can 
be incorporated into maps produced from any of the other coverages. 
OTHWELLS 
This layer represents the point locations of wells located off-site. The data source was digital files 
provided by the KGS Water Well Inventory. Associated attributes include well designation; x and y 
coordinates; surface elevation of well, depth of well; depth to water; and water elevation. 
POSTAAX 
This specialty coverage is a combination polygon and arc coverage showing the northernmost of two 
east-west, post-construction geologic cross-section of the TMM site. Placement of monitoring wells and 
building excavations are included. The direction of this cross-section is presented on the XSECLINE coverage. 
The cross-section limits were derived from the XSECLIP coverage. 
POSTBBX 
This specialty coverage is a combination polygon and arc coverage showing the southernmost of two 
east-west, post-construction geologic cross-section of the TMM site. The direction of this cross-section is 
presented on the XSECLINE coverage. The cross-section limits were derived from the XSECLIP coverage. 
POSTGLY 
This layer is a polygon coverage representing the surficial geology in the study area and showing the 
modifications made to that surface geology during the construction process. The layer was created from the 
previously existing PREGL Y coverage which was clipped using the CLIPTOY coverage and then appended 
with the coverage TOGGLE. Associated attributes for each polygon include area, formation name, and 
formation code. 
POSTNSX 
This specialty coverage is a combination polygon and arc coverage showing the north-south, 
post-construction geologic cross-section of the TMM site. Placement of monitoring wells and building 
excavations are included. The direction of this cross-section is presented on the XSECLINE coverage. The 
cross-section limits were derived from the XSECLIP coverage. 
POSTO PO 
This layer is an arc coverage representing the post-construction topographic contours throughout the study 
area. The layer was created by first clipping the PRETOPO coverage to the boundary coverage CLIPTMM 
and then appending the previously existing PRETOPO and TMMTOPO coverages. Associated attributes for 
each arc include a topographic code number and elevation. 
POTENSUR 
This layer is an arc coverage representing the contours of the potentiometric surface of the groundwater 
on the TMM site. The arcs we.re digitized from deep monitoring well water levels, groundwater sump water 
levels, and water levels recorded in wells surrounding the site. 
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PREAAX 
This specialty coverage is a combination polygon and arc coverage showing the northernmost of two 
east-west, pre-construction geologic cross-section of the TMM site. The direction of this cross-section is 
presented on the XSECLINE coverage. The cross-section limits were derived from the XSECLIP coverage. 
PREBBX 
This specialty coverage is a combination polygon and arc coverage showing the southernmost of two 
east-west, pre-construction geologic cross-section of the TMM site. The direction of this cross-section is 
presented on the XSECLINE coverage. The cross-section limits were derived from the XSECLIP coverage. 
PREGLY 
This layer is a polygon coverage representing the pre-construction surficial geology in the study area. 
The data was digitized from I :24,000 scale U.S.G.S. geologic quadrangle maps of the study area. Associated 
attributes for each polygon include area, formation name, formation code, and DRASTIC parameters associated 
with each geologic unit. 
PRENSX 
This specialty coverage is a combination polygon and arc coverage showing the north-south, 
pre-construction geologic cross-section of the TMM site. The direction of this cross-section is presented on 
the XSECLINE coverage. The cross-section limits were derived from the XSECLIP coverage. 
PRETOPO 
This layer is an arc coverage representing the pre-construction topographic contours throughout the study 
area. The data was digitized from 1:24,000 scale U.S.G.S. topographic maps of the study area. Associated 
attributes for each arc include a topographic code number and elevation. 
RAILROAD 
This layer is an arc coverage representing the route of the Norfolk Southern Railroad line through the 
study area. It includes the railroad spurs that accommodate the TMM site. The arcs were digitized from 
1:24,000 scale U.S.G.S. 7.5 topographic maps. 
ROADS 
This layer is an arc coverage representing the various county, state and interstate roads located within the 
study area, but outside the TMM site. The data was digitized from I :24,000 scale U.S.G.S. 7.5 topographic 
maps. Associated attributes include road names and road type codes for plotting purposes. 
SASCALEl 
This layer is an arc coverage of a scale bar for the coverages produced for the maps generated for the 
study area exclusive of the state and regional coverages. This scale, presented in feet, can be incorporated into 
maps of the study area. 
SASCALE2 
This layer is an arc coverage of a scale bar for the coverages produced for the maps generated for the 
study area exclusive of the state and regional coverages. This scale, presented in meters, can be incorporated 
into maps of the study area. 
SCOTTCO 
This layer represents the boundary of Scott County. The data was digitized from a 64,000 scale KGS 
map of Scott County. This layer was incorporated into an overlay used for general location maps. 
SINKS 
This layer is a composite of the layers TOPOSINK and PHOTOSNK, which are no longer active layers. 
This is a polygon coverage which represents the sinkholes digitized from both 1:24,000 scale U.S.G.S. 7.5 
topographic maps and 1:700 scale black and white (pre-construction) aerial photographs taken by GRW, Inc. 
Associated attributes include area and a sinkhole type code. 
SINKBND 
This layer is a single polygon which represents the boundary of the aerial photographic coverage available 
for sinkhole analysis within the study area. It includes a 10.5 sq. mile area around the TMM site. The polygon 
was digitized from the I :8,400 scale aerial photographs taken by GRW, Inc. prior to construction on site. 
SINKBND2 
This layer is a single arc which represents the north-south boundary between the Georgetown and 
Delaplain 7.5 topographic maps. The contour interval changes at this point from 10 to 20 respectively. 
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SINKDIM 
This layer is an arc coverage representing the long axes and corresponding 'perpendicular width 
measurements made on each of the sinkholes mapped on the SINKS coverage. The arcs were digitized in 
ARCEDIT utilizing the SINKS layer as a backcoverage. 
SOILS 
This layer is a polygon coverage of the soils found in the study area. The polygons were digitized from 
1:15,840 scale U.S. Soil Conservation Service soil maps of Scott County. Associated attributes for each 
polygon include area, soil name, soil code, and three DRASTIC parameters. 
SPRINGS 
This layer is a point coverage representing the location of all seeps, high-level springs and major springs 
located within the study area. The points were digitized from original field maps (1:24,000 scale U.S.G.S. 7.5 
topographic maps) used for this purpose. Associated attributes for each point include spring name (if major), 
and x and y coordinates. A relational attribute file based on the spring name includes water quality parameters 
and discharge data on the major springs within the study area. 
STRATIGR 
This layer is an arc coverage of the generalized stratigraphy in the study area. It is not intended as an 
overlay coverage. It is strictly for quick reference to geologic data. 
STREAMS 
This layer is an arc coverage representing the surface drainage of the study area. The arcs were digitized 
from 1:24,000 scale U.S.G.S. 7.5 topographic maps. Associated atrributes include arc length, and stream 
names. 
STRUCTUR 
Tiris layer is an arc coverage representing the major and minor structural features within the Inner 
Bluegrass Karst Region. The data was digitized from a paper copy of a I :350,000 scale map taken from Taylor 
(1990): This layer was used in the fracture trace analysis portion of this investigation. 
STUD YB ND 
This layer is a single polygon representing the boundary of the study area. This polygon was digitized 
from 1:24,000 scale U.S.G.S. 7.5 topographic maps using the Kentucky State Plane Coordinate System. Its 
limits consist of an east-west line along Coordinate 258000N. an east-west line along Coordinate 297000N, a 
north-south line along Coordinate J900000E, and a north-south line along Coordinate 1930000E. 
SUMPS 
This layer is a point coverage representing the location of the six groundwater sumps on the TMM site. 
These points were digitized from paper copies of 1 :4,800 scale maps produced by Giffels Associates, Inc. 
Associated attribute data include sump designation, depth of sump, and depth to water. Two relational attribute 
files exists which includes water quality data and pumping specifications respectively. These relational files 
are both keyed by sump designation. 
SURFDRN 
This layer is a polygon coverage representing the area drained to each of the four storm detention ponds 
on the TMM site. The polygons were digitized from paper copies of a 1 :4,800 scale map produced by Giff els 
Associates, Inc. 
SURWAT 
This layer is a point coverage representing the locations of the surface water sampling points utilized by 
Law Engineering, Inc. during their initial investigation on the TMM site. 
SWALLETS 
This layer is a point coverage representing the location of the four swallets located within the study area. 
These points were digitized from original field maps (1:24,000 scale U.S.G.S. 7.5 topographic maps) used for 
this purpose. Associated attributes for each point include swallet desi!ination, and x and y coordinates. 
SWALWSHD 
This layer is a polygon coverage representing the catchment basin for each of the two stream swallets. 
This data was digitized from I :24,000 scale U.S.G.S. 7.5 topographic maps. 
TICCOV 
This layer is the base tic coverage utilized for this project. The tics represent real world reference points 
in Kentucky State Plane Coordinates which allow for the appends, overlays and projections made between 
layers of differing scales. 
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TMMBLDGS 
This layer is a polygon coverage representing the present extent of buildings located on the TMM site. 
This data was imported and modified from digital DXF files provided by TMM personnel. 
TMMFRAC 
This layer is an arc coverage generated within ARC/INFO utilizing the CLIP command. The FRACTRA 
coverage was clipped with the 1MMPROP coverage to produce a coverage which contains fracture traces 
located on the TMM site. This allowed for a comparison of fracture trace data between the site and the study 
area as a whole. 
TMMGLY 
This layer is a polygon coverage representing the post-construction geology exposed on the TMM site. 
The data was digitized based on new contours on a paper copy of a 1:3,600 scale Seeding Plan map produced 
by Giffels Associates, Inc. 
TMMSINK 
This layer is a polygon coverage generated within ARC/INFO utilizing the CLIP command. The SINKS 
coverage was clipped with the TMMPROP coverage to produce a coverage which contains sinkholes located 
on the TMM site. This allowed for a comparison of sink.hole data between the site and the study area as a 
whole. 
TMMTRACK 
This layer is an arc coverage representing the extent of the test track facility located on the T:MM: site. 
This data was imported and modified from digital DXF files provided by TMM personnel. 
TMMPAVE 
This layer is an arc coverage representing the extent of roads and paved and gravel parking areas located 
on the TMM site. This data was imported and modified from digital DXF files provided by TMM personnel. 
TMMPRpP 
This layer is a polygon coverage representing the present property boundary of the TMM site. This data 
was imported and modified from digital DXF files provided by TMM personnel. 
TMMTOPO 
This layer is an arc coverage representing the post-construction topography on the TMM site in 10 contour 
intervals. The data was digitized from a paper copy of a l :3,600 scale Seeding Plan map produced by Giffels 
Associates, Inc. 
WATRSHED 
This layer is a polygon coverage representing the surface drainage basins of Lanes Run and Dry Run. 
The polygons were digitized from 1:24,000 scale U.S.G.S. 7.5 topographic maps of the study area. 
XGLY 
This layer is a CLIPPED polygon coverage of the PREGLY coverage clipped to the XSECLIP coverage. 
It was utilized to produce the- cross-section coverages discussed earlier. 
XSECLINE 
This layer is a specialty coverage representing the location of the three cross-section lines constructed 
across the TMM site. 
XSECLIP 
This layer is a rectangular boundary coverage which encompasses the TMM site. It is truncated to the 
north and south just beyond the TMM property boundary. The eastern and western limits are the swallets 
located in Lanes Run and Dry Run. The data source was 1:24,000 scale U.S.G.S. 7.5 topographic maps. 
XTO PO 
This layer is a CLIPPED polygon coverage of the PRETOPO coverage clipped to the XSECLIP coverage. 
It was utilized to produce the cross-section coverages discussed earlier. 
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APPENDIX C 
DETAILS OF ARCINFO OPERATION AND ANALYSIS 
55 
A GIS is defined as an organized collection of computer hardware, software, geographic data, and 
personnel designed to efficiently capture, store, update, manipulate, analyze, and display all forms of 
geographically referenced information (ESRI, 1992). CAD systems focus mainly on boundaries with coverages 
stored in x, y coordinates. They are best suited for cartographic map output. On their own, CAD systems are 
not designed to handle non-spatial data in more than a basic manner and are unsuitable for manipulating digital 
images (Bonham-Carter, 1994). GIS are intended for geographic data analysis and thematic mapping. They 
focus on areas (polygons) and are stronger in spatial data analysis. Coverages can be stored and displayed in 
various planar coordinate systems. 
A GIS stores thematic and spatial data together allowing attribute data to be accessed by "point-and-click" 
operations on a particular feature. GIS also allows for the quick transformation between coordinate systems 
such as UTM, Carter Coordinates and State Plane Coordinate Systems. 
The use of a GIS allows the operator to 1) make thematic information from the database available on the 
same screen as spatial infonnation; 2) have graphical error checking provided on a continuous basis; 3) save 
and analyze spatial data and results as a GIS layer; 4) update spatial and thematic data as needed, 5) overlay 
spatial data and results in a flexible manner, 6) prepare customized maps for reporting purposes, and 7) export 
data to specialized models. 
For this study, PC ARC/INFO v.3.4D+, and PC ARCVIEW v.2 were utilized. The complex pre-existing 
data sets from the study area, as well as data obtained during the investigation were gathered, compiled, 
organized and analyzed. Analyses performed included the identification and delineation of sinkholes and 
fracture traces, both present and pre-construction; the documentation and analysis of geologic attributes; the 
analysis of relationships between geomorphic features and the geology and hydrogeology of the area and the 
modeling of hydrogeologic and geologic information gathered in both two-dimensional and three-dimensional 
formats. 
Data Management 
After all pertinent data were acquired, it was necessary to organize it prior to data entry. A list of desired 
coverages was created so that data could be organized to fit into these coverages appropriately. Next, an 
appropriate real world coordinate system was selected for the base for all maps created. The Kentucky State 
Plane Coordinate System was chosen for several reasons. This coordinate system was present on the U.S.G.S. 
topographic maps being used as the base coverages, the SCS soils maps, as well as some of the coverages 
produced for TMM by previous investigators. TMM site groundwater monitoring well locations were also 
given in this coordinate system. Additionally, ARC/INFO calculates areas of polygons digitized and records 
these areas as an attribute feature as· coverages are created. By using the State Plane Coordinate System, 
statistical calculations were made automatically in square feet without performing tedious, intermediate 
conversions. 
For this study, a large amount of information was compiled and stored in electronic files that will be 
accessible to futures users. All of the files from this study will be made available to TMM for their future use. 
The information available and the methodology in acquiring the data and storing the data are described in 
Appendix C. 
An important aspect of this form of data management is that the information could be gathered at different 
scales and later integrated into maps that can be analyzed at different scales or can be presented at a single 
scale. For example data were gathered at three different scale categories. The smallest scale was that of the 
regional state maps. The coverages created at this scale provide a general setting reference (Fig. 3) for the 
study area. This scale was required because karst systems can cover larger areas and the water can travel long 
distances in the subsurface. The next larger scale was that of the study area maps. This area is shown as the 
aerial photo boundary. Most of the coverages were created at this scale. The largest scale coverages are at 
the TMM site scale. This is shown by the boundaries of the TMM site. These coverages provide regional, 
local and site-specific information which may be useful to TMM planning personnel in the future. 
Analyses via ARC/INFO Mapping systems generally used in geologic studies to date focus mainly on 
displaying spatial data. The principal distinction between a mapping system and a G!S is the capability of a 
GIS to analyze the data. A GIS unifies and integrates the information captured and offers it in a new context, 
allowing spatial and statistical analyses to be performed in a timely and efficient manner. A GIS provides a 
tool for viewing and analyzing spatial data relationships as well as to map, query, and manipulate spatial 
information. Such analyses can reveal underlying trends in data or reveal new or previously unidentified 
relationships within and between coverages. 
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Data input with ARC/INFO For data entry and map production, PC ARC/INFO version 3.4D+ (ESRI, 
1992) installed on a 486DX2-66 personal computer was used in conjunction with a Kurta XLC digitizer, and 
a Houston Instruments DMP-62P 8-pen plotter. ARCVIEW v.2 was utilized for attribute data entry and editing, 
for some tabular and graphical presentations, and is the final presentation format for coverages presented to 
Toyota Motor Manufacturing Corporation. 
Following the coordinate system selection, a primary TIC coverage was created from the Delaplain, 
Georgetown, Centerville and Leesburg topographic quadrangle maps. A TIC coverage allows for the overlay 
of subsequent coverage layers which may or may have originated from maps or data of the same scale. Using 
this TICCOV as a base, other coverages were subsequently digitized or imported from electronic files. After 
data entry, each coverage was processed through a set of commands such as clean, build and edit to add 
missing data points or to remove digitizing errors. During the clean/build procedure, initial attribute files were 
created. These attribute files were later modified as needed through ARCVIEW, ARC/INFO's TABLES 
subroutine, INFO routines or imported from external spreadsheet formats. Modifications included the 
incorporation of drawing symbol codes, point, line and/or polygon data, and "relates", which are item title 
codes used to tie more than one data file to another. Once attribute files were created and modified, coverages 
were then appended (combined), buffered, overlayed and/ or joined to produce coverages on which statistical 
analyses were performed. Map coverages were clipped to the study area boundary coverage. 
Sinkhole Characterization Via ARCINFO The area of each depression is an attribute which is 
automatically calculated and recorded during the digitizing of any polygon coverage in ARC/INFO. Length 
and width were obtained by utilizing ARCEDIT to create a blank coverage SINKDTh1 from the coverage 
SINKS. Using the SINKS coverage as a backcoverage, arcs representing the maximum length of each 
depression and the maximum width perpendicular to the length were digitized onto the new coverage 
SINKDTh1. The length of each arc was automatically recorded as an attribute. Each length and width was 
linked to the corresponding sinkhole identification number assigned in the SINKS coverage. Sinkhole depths 
were obtained in the field only on those sinkholes undisturbed by cut-and-fill procedures at the TMM site. 
For those sinkholes located on aerial photographs which could not be field verified due to disturbance during 
construction, sinkhole depths were estimated based on the type of vegetation and/or structures located within 
the features on the photographs. 
Additionally, the NODEPOINT command was used to transform the nodes of each arc into a point 
coverage and the x and y-coordinates for each point were added to the attribute file by using the ADDXY 
command. Using the y-coordinates for each arc's from and to-nodes, a trigonometric relationship was 
established from which sin 9 and hence angle was derived and converted into a 180° azimuthal scale of 
orientation. A 180° scale was used with 0° denoting an easterly direction, 90° indicating north, and 180° 
denoting a westerly direction. 
To calculate sinkhole density, a combined coverage GLYSINK was created using the UNION overlay 
command. This command joined the two coverages GEOLOGY and SINKS and kept the attributes of each 
in the new coverage. In the TABLES subroutine, the GL YSINK attribute table was selected. From this 
dataset, sinkholes which occurred within the karst area of interest were reselected and the STATISTICS 
subroutine invoked to divide the number of sinkholes generated by the area of that particular region. 
Within the study area, sinkholes were identified on and digitized directly from the four 7.5 minute 
topographic maps. Prior to initial field reconnaissance, I :700 scale pre-construction, black-and-white aerial 
photographs of the TMM property and surrounding area were obtained from GRW, Inc. The photographs were 
examined stereoscopically and each sinkhole identified was outlined in red ink. Utilizing known reference 
points (road/road intersections, road/railroad intersections, creek/road intersections and fence line corners), the 
sinkholes on each photograph were transferred to a single-sided mylar sheet. Intermediate tic locations were 
identified so the coverage could be transformed to the same coordinate system utilized on other coverages. 
Additionally, Soil Conservation Service map sheets (Weisenberg and lsgreg, 1977) were examined. Each 
features denoted as a depression on the sheets were located on NHAPP 1: 18000 scale aerial photographs 
obtained from the Soil Conservation Service and classified as sinkhole or non-sink area. Features classified 
as sinkholes were digitized onto a separate coverage. All sinkhole coverages were then appended into a single 
coverage with a attribute named SINKCODE assigned to each sinkhole type (topo sink; aerial sink; SCS sink) 
(Fig. 3). 
After sinkholes had been delineated and digitized from all sources, the number, length, width, depth, area, 
and orientation were determined. Characterization was based on methods used by Baumgartner (1991) and 
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Gremos (1994). 
Field reconnaissance measurements After initial coverages were digitized and preliminary maps 
prepared, the existence of sinkholes was verified by field observations. This was done by locating sinkholes 
in the field, comparing the location to those proposed by the aerial photos and digitized coverages for accuracy 
of selection, size determination and placement. The field observations were also used to locate any sinkholes 
which may have existed in the field but were not originally mapped from any of the three available sources. 
Those sinkholes obliterated by construction activities could not be examined. 
Calculated characteristics In addition to the measured characteristics, a number of calculated 
characteristics were obtained using the measured data. The calculated characteristics include sinkhole density, 
sink to area ratio (SAR), length to width ratios (1/w), width to depth ratios (w/d), and depth to width ratios 
(d/w). The sink to area ratio (SAR) was found by summing the areas of all the sinkholes in a karst area and 
dividing by the area of the region of study (White, 1988). The length to width ratio is found simply by 
dividing the length of each sinkhole by it's width. This parameter describes the eccentricity of each individual 
sinkhole (White, 1988). The depth to width ratio (d/w) is found by dividing the depth of each sinkhole by its 
width. According to Jennings (1971) a depth to width ratio greater than 1:3.5 (0.29) can generally be used to 
distinguish between collapse and solution dolines. Solution dolines are not likely to exceed the 1 :3.5 ratio. 
White (1988) suggests that sinkholes can be classified geometrically by comparing the width to depth ratios 
with the length to width ratios. 
Structural Analysis 
Structural analysis involves the study of fractures, faults, and joints to determine trends or patterns. Prior 
to field reconnaissance, structural analysis in the fonn of linear feature analysis was performed to delineate 
possible spring locations for swallets located in the study area. Groundwater will move along fractures, faults 
and joints. As previously discussed, these features have the potential to influence the formation and orientation 
of conduits in groundwater basins. So, too, can their orientations predict direction of groundwater flow. 
Linear featnre delineation from aerial photographs The site lithologies and field observations suggest 
that fractures at the site could be the primary passages for shallow groundwater flow. The potential importance 
of fractures at this site resulted in the conductance of a linear feature analysis to determine the predominant 
fracture orientation in the area. 
Linear features were obtained from I) linear features map of Kentucky (McHaffie, 1982), 2) field 
measurements, 3) Delaplain, Georgetown, Leesburg and Centerville quadrangle and topographic maps, 4) aerial 
photos and 5) color Infrared photos. 
Linear features were mapped from 1985 color infra-red photographs obtained from the EROS Data Center. 
The I :20000 scale photos used covered an area roughly the size of a geologic quadrangle. Linear features were 
mapped directly onto a single-sided mylar sheet. Mapping was done under various light conditions and angles 
both with and without the use of a light table and with and without the mylar. Topographic maps were used 
to map linear features in the form of aligned stream segments and/or topographic sags, sinkhole alignments and 
straight stream segments. 
The color infra-red photos were obtained at a scale of 1:20000, approximately 6-8% smaller than the 
corresponding quadrangle. Elvrum (1994) corrected for this scale difference via photo-enlargement in order 
to match the 1:24000 scale of geologic information. Because the color infra-red photos could not be examined 
stereoscopically, sinkhole alignments, aligned stream valleys and other linear topographic features were not 
mapped. 
Black and white pre-construction aerial photos were obtained from GRW, Inc. at a scale of I :700 which 
cover approximately 25 percent of the study area. Under stereoscopic examination, minor fracture traces were 
transferred from the photos onto a one-sided mylar sheet. The traces manifested themselves as straight stream 
valleys, topographic sags, and soil tonal changes. 
Field reconnaissance measurements Joint measurements were collected in the field for comparison to 
the fracture trace coverage created from topographic and geologic maps and CIR photographs. Numerous 
roadcuts along 1-75, U.S. 62 and on TMM site access roads, fractured sections of strearnbeds in both Lane's 
Run and Dry Run and fractures evident in the bottom of TMM' s northwest detention pond were utilized for 
measurement purposes. A Brunton Compass with an error of plus or minus 2 degrees was used to measure 
the orientation of joints at the twelve sites in azmithal degrees. The stratigraphic and lithologic characteristics 
of the beds where the joints were found were also noted along with the thicknesses of each. The results were 
plotted on a rose diagram for comparison to fracture trace orientations and sinkhole orientation data. 
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APPENDIX D 
SPRING DESCRIPTIONS AND DYE DETECTOR LOCATIONS 
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Springs 
As part of the initial field investigation springs that might be part of the TMM 's 
groundwater system were located, and are labeled on figure 5. Only after investigating 
topographic, geologic, and dye tracing data could these springs' association to TMM 's 
groundwater system be discussed. 
Springs located onsite: 
There are twelve springs and seeps identified onsite. 
Seeps 1 and 2 are located within the west slope of the Northeast detention pond. 
These areas were generally wet except during extended dry periods. 
Spring 3 is a high level spring with a flashy nature, exhibiting moderate flow during 
wet periods, and is dry otherwise. As part of the dye trace study, it's connection to a nearby 
sinkhole onsite was confirmed .. 
Spring 4 is a small high level spring around which a farm pond was created. The 
pond retained water during all field reconnaissance, however flow was only observed leaving 
the pond during wet periods. 
Spring 5 is a small high level spring that exhibits flow except during extended dry 
periods. Particulate matter with an orange coloration was observed in it's discharge, possibly 
indicating the spring is connected to groundwater flowing through disturbed areas. Shales 
contained in the local bedrock and subsequently exposed to a reducing environment will 
produce iron oxide precipitates such as those observed. 
Seeps 6, 7 and 8 are wet weather epikarstic seeps which flow for very short periods 
after precipitation events. These seeps contribute to the surface runoff from the site. 
Springs of the TMl\1"s groundwater system located offsite: 
The Railroad Spring and Marshall Spring are major springs which are hydraulically 
connected to the swallets located within Dry Run and Lanes Run respectively. These 
springs are perennial except for the very driest period of the summer of 1995. 
Spring 9 and Darby Spring are small high level springs that flows except during 
extended dry periods. They contribute to a common stream and are sources of water for 
livestock. The connection of Darby Spring to a sinkhole on the TMM site was confirmed 
by dye trace activities. 
Springs of other groundwater systems: 
The remaining springs located during reconnaissance: Pheasant Run Spring, Royal 
Spring, McCracken Springs and smaller springs and seeps numbered 17, 18, and 22 through 
27 were not found to be hydraulically connected to the groundwater basins delineated in this 
study. 
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Summary of Dye Trace Injections 
Dye injection locations 1/26/95 2/3/95 2/23/95 4/17/95 4/28/95 
Lanes Run Swallet id-OB 
Day Care Swallet id-RWT 
North West Swallet id-OB 
Dry Run Swallet id-RWT 
Monitoring Well 8 id-RWT 
Stand Pioe at Blda 400A 
Legend for Injections and Results 
id = introduced 
OB = optical brightener 
RWT = Rhodamine 
F = Flourescein 
BGF = background levels of Flourescein 
BGR = background levels of Rhodamine 
0 = negative result for dye 
North West Swallet =#1 
Lanes Run Swallet = #2 
Day Care Swallet = #3 
Dry Run Swallet = #4 
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id-F 
Deieaor I.D 4/17/95 4/17/95 4/19/95 4(15195 4128195 5(2/'5 Detector ID 5/8195 5/16195 snv~s 6/IWS 7/18/95 
I 0 0 I 0 0 0 
2 0 0 2 0 0 0 
3 0 0 3 0 0 0 
4 0 0 4 0 0 0 
5 BGF F 5 F F F 
6 BGF BGF 6 BGF BGF 
7 0 0 7 0 0 0 
8 0 0 8 0 0 0 
9 0 < 0 9 0 0 0 
10 0 0 0 10 0 0 0 
11 0 0 0 11 0 0 0 
12 0 ~ 0 12 0 0 0 
13 0 0 13 0 0 0 





0 IS 0 0 0 





0 17 0 0 0 
18 
" 
0 0 18 0 0 0 
19 ., 0 ... 0 19 0 0 
2<l ., 0 < 0 20 0 0 0 
21 < 0 0 21 0 0 0 
22 .. 0 
" 
0 22 0 0 0 
23 0 0 
" 
0 23 0 0 
24 0 
-







27 z 0 
" 
27 BGF BGF 0 0 
28 
-
0 z 28 0 0 0 0 






0 ~ 31 
32 ... 32 








0 z 35 
36 z 0 
-
36 0 0 0 
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-
37 0 0 0 
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0 39 0 0 0 
40 z R 
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R 40 R R R 
41 
-
R v R 41 R R 
42 ::; 0 
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45 0 0 
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0 z 47 






so 0 u 0 50 0 0 0 
51 0 0 0 51 0 0 0 
52 BGF 
" 




54 0 R ;, 54 R 0 0 
55 0 55 0 0 
56 0 ., 0 56 0 0 
57 0 
" 
0 57 0 0 
58 58 
59 59 
60 60 R 0 0 
61 0 0 61 0 0 0 
62 0 0 62 0 0 0 
63 0 0 63 0 0 0 
64 0 64 0 0 
65 65 0 0 0 
66 66 0 0 
67 67 0 0 0 0 
68 0 68 0 0 0 
69 69 0 
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Detector L D 11/12/94 IU1Bi94 12127{)4 1/8/95 l/l6/95 1/23f) 5 2/l/95 2/3f;S 2J6f)S 'JJ9!9S 2f}3f}S 2/21f}S 3/6,'JS )/13/95 4111195 
l BGF 0 0 0 0 0 0 0 0 0 
2 0 0 0 0 0 0 0 0 0 0 
3 0 0 0 0 0 
-
0 0 0 0 0 
4 0 0 0 0 0 
-
0 0 0 0 0 
' 
BGF BGF BGP BGP BGP BGP BGF BGF BGP BGP 
6 BGF BGF BGF BGP BGP 
" 
BGP BGF BGF BGF BGF 
7 0 0 0 0 0 z 0 0 0 0 0 
8 0 0 0 0 0 < 0 0 0 0 0 
9 BGP BGP 0 0 0 0 0 0 0 0 
10 BGP BGP 0 BGP 0 ~ 0 0 0 0 0 
11 0 0 0 0 0 
-
0 0 0 0 0 
12 0 0 0 0 ~ 0 0 0 0 0 0 
13 0 0 0 0 
-
0 ~ 0 0 0 0 0 
14 0 0 0 0 0 ... 0 0 BGR 0 
15 BGF 0 0 0 E-< 0 
" 
0 BGR 0 0 
16 BGP 0 0 0 
" 
' .., 0 0 0 0 0 
17 0 0 0 0 .., 0 .., ~ 0 0 0 0 
18 BGF BGF 0 0 .., 0 < 0 0 0 0 0 




0 0 0 0 
20 BGF BGF 0 
"' 
0 ~ 0 :. 0 0 0 0 
11 0 0 0 0 ~ 0 0 0 0 0 0 
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23 BGP BGF 0 BGF 0 0 0 E-< 0 E-< 0 0 0 
24 BGP BGP 0 BGF ... 0 0 z z 0 0 0 0 
25 0 BGF 0 0 z 0 0 
-
0 
-26 BGP BGF 0 BGF 
-
0 0 RD 0 0 
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LAW - Law Environmental Report, 
UK - University of Kentucky analysis, 
TMM - Toyota analysis 
temperature (°C) 
specific conductance (microsiemens) 









dissolved oxygen (mg/L) 
nitrate-nitrogen (mg/L) 
total organic carbon (mg/L) 
































SITE SOURCE DA1E TEMP Jili Q]fil._ HARD,ALKAL. HC03- cm· 
MWlS LAW 8/8/8 7 19.7 7.60 694.0 343.0 
MWlS UK 6/9/87 7.28 954.0 326 397 1 
MWlD LAW 8/7 /87 14.9 7.80 4390.0 150.0 
MWlD TMM 3/3/92 8.00 732.0 
MWlD TMM 6/25 /92 7.55 702.0 
MWlD TMM 7/15/92 7.68 765.0 
MWlD TMM 10/5 /92 7.69 863.0 
MWlD TMM 3/30/93 25.5 6.90 734.0 
MWlD TMM 6/25/93 16.0 8.30 763.0 
MWlD TMM 12/7 /93 19.7 6.97 713.0 
MWlD UK 6/9/95 7.73 825.0 321 392 2 
MW2S LAW 
MW2S UK 6/9/95 7.54 461.0 227 277 1 
MW2D LAW 8/7 /95 14.1 7.30 685.0 330.0 
MW2D TMM 3/3/92 7.99 614.0 
MW2D TMM 6/25/92 7.52 610.0 
MW2D TMM 7/15/92 7.80 643.0 
MW2D TMM 10/5/92 7.70 682.0 
MW2D TMM 3/30/93 25.5 7.40 769.0 
MW2D TMM 6/25/93 16.0 8.30 900.0 
MW2D TMM 12/7/93 19.3 7.00 894.0 
MW2D UK 6/8/95 7.66 953.0 295 360 2 
MW3S LAW 8/8/8 7 18.0 6.90 772.0 414.0 
MW3S UK 6/9/95 7.49 418.0 218 266 1 
MW3D LAW 8/8/87 14.4 6.80 965.0 342.0 
MW3D TMM 3/3/92 7.60 690.0 0 
MW3D TMM 6/24/92 7.52 525.0 
MW3D TMM 7 /16/92 7.44 53.2 
MW3D TMM 10/6/92 7.43 701.0 
MW3D TMM 3/30/93 25.5 6.80 562.0 
MW3D TMM 6/24/93 14.5 8.10 485.0 
MW3D TMM 12/7/93 19.0 6.70 812.0 
MW3D UK 6/9/95 7.29 723.0 268 327 1 
MW4S LAW 
MW4S UK 6/9/95 7.45 1348.0 230 280 1 
MW4D LAW 8/11 /87 13.7 7.50 4530.0 1950.0 
MW4D TMM 3/4/92 8.45 2.4 0 
MW4D TMM 6/26/92 8.49 2.3 
MW4D TMM 7 /16/92 8.40 262.0 
MW4D TMM 10/6/92 8.38 2780.0 
MW4D TMM 3/30/93 25.5 8.00 2280.0 
MW4D TMM 6/25/93 19.0 8.82 1926.0 
MW4D TMM 12/7/93 20.0 8.20 1413.0 
MW4D UK 6/9 /95 8.40 2465.0 622 758 18 
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SITE SQ!JRCE DAIB TEMP lili l:Xlli!2. HARD,ALKAL, film- _Qll-
MW5S LAW 
MW5D LAW 8/10/87 14.9 8.30 5910.0 1980.0 
MW6S LAW 
MW6D LAW 8/10/87 14.6 10.60 3710.0 116.0 
MW2000S UK 6/9/95 7.22 1417.0 312 381 1 
100 Sump UK 6/12/95 7.16 2308.0 351 428 I 
lOOA Sump UK 6/12/95 7.24 1675.0 235 286 < 1.0 
200 Sump UK 6/12/95 7.90 1124.0 191 232 2 
400 Sump UK 6/12/95 7.50 3118.0 137 168 < 1.0 
400A Sump UK 6/12/95 7.63 1243.0 193 236 1 
2000 Sump UK 6/9/95 7.46 2303.0 386 471 I 
3000 Sump UK 6/12/95 8.32 1502.0 22 27 I 
SW! LAW 3/26/86 18.4 8.10 424.0 212.5 
SW2 LAW 3/26/86 17.6 8.40 314.0 153.2 
SW3 LAW 3/26/86 14.6 7.70 461.0 236.0 
SW4 LAW 3/26/86 14.2 7.50 458.0 238.0 
SW5 LAW 
Marshall Spring Mull 5/27/68 13.0 7.50 160.0 150 
Marshall Spring Scanlon 3/10/85 8.0 7.50 177.0 179.3 
Marshall Spring Sullivan 5/22/86 144 
Marshall Spring UK 6/12/95 7.51 362.0 150 183 1 
Darby Spring UK 6/12/95 7.13 371.0 137 167 < 1.0 
Railroad Spring UK 6/12/95 7.41 348.0 145 177 < 1.0 
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SITE SOURCE DAIB :ms. Cl- Fl- SQ±. Sylfid~ m 
MWIS LAW 8/8/87 7.00 0.14 64.5 1.70 
MWIS UK 6/9/87 684.0 6.80 0.63 216.0 5.76 
MWID LAW 8/7/87 40.90 0.18 11.5 0.90 
MWlD TMM 3/3/92 529.5 2.60 16.0 
MWlD TMM 6/25/92 439.0 70.60 6.91 
MWID TMM 7 /15/92 249.0 77.99 
MWlD TMM 10/5/92 66.00 
MWlD TMM 3/30/93 82.20 
MWlD TMM 6/25/93 84.02 
MWID TMM 12/7/93 69.10 
MWID UK 6/9/95 454.0 83.20 4.35 15.1 5.10 
MW2S LAW 
MW2S UK 6/9/95 296.0 1.60 0.38 32.6 7.34 
MW2D LAW 8/7 /95 28.90 0.13 59.0 1.50 
MW2D TMM 3/3/92 1.10 44.0 
MW2D TMM 6/25/92 388.0 33.30 0.00 
MW2D TMM 7 /15/92 384.0 31.91 
MW2D TMM 10/5/92 384.0 22.00 
MW2D TMM 3/30/93 100.30 
MW2D TMM 6/25/93 85.79 
MW2D TMM 12/7/93 91.80 
MW2D UK 6/8/95 550.0 78.60 2.50 103.0 5.43 
MW3S LAW 8/8/87 6.00 0.11 140.0 
1.60 
MW3S UK 6/9/95 250.0 1.60 0.13 15.4 6.75 
MW3D LAW 8/8/87 52.90 0.82 65.0 
1.30 
MW3D TMM 3/3/92 0.60 79.0 
MW3D TMM 6/24/92 446.0 31.90 0.00 
MW3D TMM 7 /16/92 551.5 633.00 
MW3D TMM 10/6/92 367.0 9.00 
MW3D TMM 3/30/93 10.63 
MW3D TMM 6/24/93 9.22 
MW3D TMM 12/7 /93 29.80 
MW3D UK 6/9/95 484.0 14.70 0.36 123.0 4.76 
MW4S LAW 
MW4S UK 6/9/95 984.0 72.30 0.33 415.0 7.10 
MW4D LAW 8/11/8 7 1489.50 4.75 12.3 
2.20 
MW4D TMM 3/4/92 3.00 21.0 
MW4D TMM 6/26/92 1658.0 393.50 
MW4D TMM 7/16/92 1318.0 446.70 
MW4D TMM 10/6/92 1530.0 396.00 
MW4D TMM 3/30/93 442.00 
MW4D TMM 6/25/93 392.00 
MW4D TMM 12/7 /93 190.70 
MW4D UK 6/9/95 1356.0 413.00 32.00 17.4 2.75 
69 
sm SOURCE DAIB IDS. Cl: Fl- S04- Sulfide ID 
MW5S LAW 
MW5D LAW 8/10/87 1944.40 3.40 113.0 1.80 
MW6S LAW 
MW6D LAW 8/10/87 1104.60 4.16 35.0 4.00 
MW2000S UK 6/9/95 1030.0 50.00 0.87 474.0 3.57 
100 Sump UK 6/12/95 1990.0 70.80 1.00 995.0 5.83 
lOOA Sump UK 6/12/95 1398.0 29.50 1.40 708.0 7.07 
200 Sump UK 6/12/95 816.0 52.40 1.40 346.0 6.75 
400 Sump UK 6/12/95 2682.0 191.00 2.60 1430.0 8.29 
400A Sump UK 6/12/95 960.0 39.10 0.96 444.0 6.86 
2000 Sump UK 6/9/95 1820.0 76.20 1.65 858.0 7.94 
3000 Sump UK 6/12/95 1260.0 19.20 2.20 786.0 6.42 
SWl LAW 3/26/86 
SW2 LAW 3/26/86 
SW3 LAW 3/26/86 
SW4 LAW 3/26/86 
SW5 LAW 
Marshall Spring Mull 5/27/68 24.0 
Marshall Spring Scanlon 3/10/85 3.00 28.8 
Marshall Spring Sullivan 5/22/86 10.10 
Marshall Spring UK 6/12/95 248.0 6.10 0.20 24.5 7.19 
Darby Spring UK 6/12/95 236.0 8.70 0.19 46.5 5.45 
Railroad Spring UK 6/12/95 218.0 4.20 0.20 19.l 9.08 
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SITE SOIJRCE DAIB NQ3-N E 100 Al s..h A.s. fu 
MWlS LAW 8/8/8 7 6.10 8 0.00 <0.01 
MWlS UK 6/9/87 0.20 6.08 < 0.051 <0.05 0.06 
MWlD LAW 8/7 /87 4.52 9 0.00 
MWlD TMM 3/3/92 13.80 0.01 <0.01 
MWlD TMM 6/25/92 1.73 < <0.01 
MWlD TMM 7 /15/92 0.28 0.02 <0.01 
MWlD TMM 10/5/92 5.44 0.00 0.23 
MWlD TMM 3/30/93 < 
MWlD TMM 6/25/93 1.27 
MWlD TMM 12/7 /93 0.27 
MWlD UK 6/9/95 0.07 0.59 < 0.051 <0.05 < .0007 
MW2S LAW 
MW2S UK 6/9/95 0.57 20.10 < 0.051 <0.05 0.14 
MW2D LAW 8/7 /95 3.88 12 0.00 0.06 
MW2D TMM 3/3/92 0.00 15.70 0.00 0.20 
MW2D TMM 6/25/92 0.63 < 0.10 
MW2D TMM 7 /15/92 0.45 0.04 0.14 
MW2D TMM 10/5/92 2.79 0.00 < 
MW2D TMM 3/30/93 0.11 
MW2D TMM 6/25/93 0.49 
MW2D TMM 12/7 /93 0.34 
MW2D UK 6/8/95 0.14 0.20 < 0.051 <0.05 0.16 
MW3S LAW 8/8/87 5.70 6 0.10 
0.31 
MW3S UK 6/9/95 0.93 22.00 < 0.051 <0.05 0.11 
MW3D LAW 8/8/87 3.42 <5 0.00 0.06 
MW3D TMM 3/3/92 71.00 0.07 0.25 
MW3D TMM 6/24/92 0.00 13.87 < 0.09 
MW3D TMM 7 /16/92 3.99 0.02 < 
MW3D TMM 10/6/92 9.61 0.00 < 
MW3D TMM 3/30/93 0.15 
MW3D TMM 6/24/93 13.97 
MW3D TMM 1 2/7 /93 2.17 
MW3D UK 6/9/95 0.27 1.98 < 0.051 <0.05 0.03 
MW4S LAW 
MW4S UK 6/9/95 0.97 27.60 < 0.051 <0.05 0.15 
MW4D LAW 8/11/8 7 37.00 <5 0.04 
0.24 
MW4D TMM 3/4/92 17.31 0.01 0.14 
MW4D TMM 6/26/92 0.00 3.20 < < 
MW4D TMM 7 /16/92 2.42 0.04 < 
MW4D TMM 10/6/92 7.64 0.00 < 
MW4D TMM 3/30/93 1.12 
MW4D TMM 6/25/93 4.14 
MW4D TMM 12/7/93 4.59 
MW4D UK 6/9/95 0.11 0.12 < 0.051 < 0.05 0.00 
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SITE SOURCE DAIB NQ3-N E ill! Al fill. fil ll.Jj_ 
MW5S LAW 
MW5D LAW 8/10/87 29.65 12 0.08 0.37 
MW6S LAW 
MW6D LAW 8/10/87 25.00 29 0.00 0.03 
MW2000S UK 6/9/95 0.95 70.90 < 0.051 0.33 0.23 
100 Sump UK 6/12/95 0.14 < 0.019 < 0.051 <0.05 0.02 
lOOA Sump UK 6/12/95 0.43 0.14 < 0.051 <0.05 0.02 
200 Sump UK 6/12/95 0.95 < 0.019 < 0.051 <0.05 0.02 
400 Sump UK 6/12/95 0.41 < 0.019 < 0.051 <0.05 0.02 
400A Sump UK 6/12/95 0.34 < 0.019 < 0.051 <0.05 0.03 
2000 Sump UK 6/9/95 0.14 < 0.019 < 0.051 <0.05 0.02 
3000 Sump UK 6/12/95 0.07 < 0.019 < 0.051 <0.05 0.03 
SWl LAW 3/26/86 4.90 0.00 <0.05 
SW2 LAW 3/26/86 1.20 < 0.001 <0.05 
SW3 LAW 3/26/86 "3.60 < 0.001 <0.05 
SW4 LAW 3/26/86 2.40 < 0.001 <0.05 
SW5 LAW 
Marshall Spring Mull 5/27/68 
Marshall Spring Scanlon 3_/ l 0/85 
Marshall Spring Sullivan 5/22/86 
Marshall Spring UK 6/12/95 2.78 3.09 < 0.051 <0.05 0.04 
Darby Spring UK 6/12/95 0.59 1.05 < 0.051 <0.05 0.02 
Railroad Spring UK 6/12/95 3.86 0.64 < 0.051 <0.05 0.02 
72 
SITE SOURCE DAIB !k ll. Qi .Gll Cr U1 .!&. 
MWlS LAW 8/8/87 0.00 113.0 0.00 
MWlS UK 6/9 /8 7 < 0.0024 0.15 < 0.006 122.0 < 0.008 < 0.012 
0.02 
MWlD LAW 8/7 /87 0.00 76.0 0.00 
MWlD TMM 3/3/92 <0. < 
0.05 
MWlD TMM 6/25/92 0.00 < 
MWlD TMM 7/15/92 < < 
< 
MWlD TMM 10/5/92 < < 
< 
MWlD TMM 3/3 0/93 0.00 < 
< 
MWlD TMM 6/25/93 0.01 0.14 
0.02 
MWlD TMM 12/7/93 0.02 < 
0.04 
MWlD UK 6/9/95 < 0.0024 0.77 < 0.006 67.9 < 0.008 < 0.012 < 0.007 
MW2S LAW 
MW2S UK 6/9 /9 5 < 0.0024 < 0.023< 0.006 124.0 0.08 < 0.012 
0.02 
MW2D LAW 8/7 /95 0.00 133.0 0.00 
MW2D TMM 3/3/92 <0. 0.19 
0.04 
MW2D TMM 6/25/92 0.00 0.09 
< 
MW2D TMM 7 /15/92 < < 
< 
MW2D TMM 10/5/92 0.00. 0.08 
0.02 
MW2D TMM 3/30/93 0.00 0.06 
< 
MW2D TMM 6/25/93 0.01 0.08 
0.03 
MW2D TMM 12/7/93 0.02 < 
< 
MW2D UK 6/8/95 < 0.0024 0.35 < 0.006 65.2 < 0.008< 0.012 < 0.007 
MW3S LAW 8/8/8 7 0.00 230.0 0.10 
MW3S UK 6/9/95 < 0.0024 0.05 0.01 87.1 0.03 < 0.012 
0.15 
MW3D LAW 8/8/87 0.00 175.0 0.02 
MW3D TMM 3/3/92 < 0.19 
0.07 
MW3D TMM 6/24/92 0.00 0.14 
< 
MW3D TMM 7/16/92 < < 
< 
MW3D TMM 10/6/92 < < 
0.02 
MW3D TMM 3/30/93 < 0.05 
< 
MW3D TMM 6/24/93 0.02 0.14 
0.07 
MW3D TMM 12/7/93 0.01 < 
< 
MW3D UK 6/9/95 < 0.0024 < 0.023< 0.006 127.0 < 0.008< 0.012 < 0.007 
MW4S LAW 
MW4S UK 6/9/95 < 0.0024 0.21 0.02 237.0 0.03 < 0.012 < 0.007 
MW4D LAW 8/11/87 0.02 871.0 0.04 
MW4D TMM 3/4/92 < 0.16 
0.03 
MW4D TMM 6/26/92 < 0.16 
< 
MW4D TMM 7 /16/92 < 0.05 
< 
MW4D TMM 10/6/92 < 0.05 
0.02 
MW4D TMM 3/30/93 < < 
< 
MW4D TMM 6/25/93 0.02 0.11 
0.07 
MW4D TMM 12/7/93 0.02 < 
< 
MW4D UK 6/9/95 < 0.0024 2.55 < 0.006 6.1 < 0.008 < 0.012 < 0.007 
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SITE SOllRCE DA1E Ik R QI QI. Cr Qi. 
MW5S LAW 
MW5D LAW 8/10/87 0.03 434.0 0.09 
MW6S LAW 
MW6D LAW 8/10/87 0.00 63.0 0.04 
MW2000S UK 6/9/95 0 0.37 0.05 415.3 0.10 0.22 0.07 
100 Sump UK 6/12/95 < 0.0024 0.39 < 0.006 377.0 < 0.008< 0.012 < 0.007 
lOOA Sump UK 6/12/95 < 0.0024 0.36 < 0.006 239.0 < 0.008 < 0.012 < 0.007 
200 Sump UK 6/12/95 < 0.0024 0.21 < 0.006 147 .0 < 0.008 < 0.012 < 0.007 
400 Sump UK 6/12/95 < 0.0024 0.94 < 0.006 329.0 < 0.008< 0.012 < 0.007 
400A Sump UK 6/12/95 < 0.0024 0.33 < 0.006 149.0 < 0.008< 0.012 < 0.007 
2000 Sump UK 6/9/95 < 0.0024 0.59 < 0.006 303.0 < 0.008 < 0.012 < 0.007 
3000 Sump UK 6/12/95 < 0.0024 0.34 <0.006 100.0 < 0.008 < 0.012 < 0.007 
SW! LAW 3/26/86 0.07 199.7 0.02 
SW2 LAW 3/26/86 0.00 97.9 0.00 
SW3 LAW 3/26/86 0.00 162.4 0.00 
SW4 LAW 3/26/8 6 0.00 192.5 0.00 
SW5 LAW 
Marshall Spring Mull 5/27/68 58.0 
Marshall Spring Scanlon3/10/85 60.7 
Marshall Spring Sullivan5/22/86 73.0 
Marshall Spring UK 6/12/95 < 0.0024 < 0.023< 0.006 64.2 < 0.008< 0.012 < 0.007 
Darby Spring UK 6/12/95 < 0.0024 < 0.023< 0.006 60.4 < 0.008 < 0.012 < 0.007 
Railroad Spring UK 6/12/95 < 0.0024 < 0.023< 0.006 63.0 < 0.008 < 0.012 < 0.007 
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SITE SQ!JRCE DATE Al.! cr l:h Li Mg Mn Hg 
MWlS LAW 8/8/8 7 1.03 0.02 39.75 0.08 <.0002 
MWlS UK 6/9/87 <0.012 7.38 < 0.071 0.01 57.30 0.20 
MWlD LAW 8/7 /87 0.33 0.04 16.25 0.02 
MWlD TMM 3/3/92 0.19 0.22 0.09 <0.0002 
MWlD TMM 6/25/92 < 0.29 <0.0002 
MWlD TMM 7/15/92 < 0.09 <0.0002 
MWlD TMM 10/5/92 < 0.50 <0.0002 
MWlD TMM 3/30/93 3.24 < <0.0002 
MWlD TMM 6/25/93 < 0.04 
MWlD TMM 12/7 /93 0.35 < <0.0002 
MWlD UK 6/9/95 < 0.012 0.83 < 0.071 0.08 25.10 0.08 
MW2S LAW 
MW2S UK 6/9/95 < 0.012 28.30 < 0.071 0.02 8.06 1.88 
MW2D LAW 8/7/95 1.13 0.00 20.50 0.15 
MW2D TMM 3/3/92 0.04 
MW2D TMM 6/25/92 0.11 <0.0002 
MW2D TMM 7/15/92 0.12 <0.0002 
MW2D TMM 10/5/92 0.23 <0.0002 
MW2D TMM 3/30/93 0.34 
MW2D TMM 6/25/93 1.87 
MW2D. TMM 12/7 /93 0.66 
MW2D UK 6/8/95 < 0.012 0.58 < 0.071 0.07 31.70 0.07 
MW3S LAW 8/8/87 86.65 0.04 51.00 1.44 
0.00 
MW3S UK 6/9/95 < 0.012 30.50 0.08 0.02 12.60 0.47 
MW3D LAW 8/8/87 3.00 0.00 25.75 0.31 0.00 
MW3D TMM 3/3/92 0.03 0.18 
MW3D TMM 6/24/92 < 0.78 < 
MW3D TMM 7 /16/92 < 0.33 < 
MW3D TMM 10/6/92 < 0.71 < 
MW3D TMM 3/30/93 0.38 < 
MW3D TMM '6/24/93 0.09 < 
MW3D TMM 12/7 /93 4.19 < 
MW3D UK 6/9/95 < 0.012 3.93 < 0.071 0.01 20.40 0.72 
MW4S LAW 
MW4S UK 6/9/95 < 0.012 37.10 < 0.071 0.04 37.30 0.86 
MW4D LAW 8/11/87 36.00 0.05 26.50 2.24 0.00 
MW4D TMM 3/4/92 0.12 0.01 
MW4D TMM 6/26/92 < 0.11 < 
MW4D TMM 7/16/92 < 0.09 < 
MW4D TMM 1 0/6/92 < 0.22 < 
MW4D TMM 3/30/93 1.88 < < 
MW4D TMM 6/25/93 1.41 < < 
MW4D TMM 12/7 /93 5.12 < < 
MW4D UK 6/9/95 < 0.012 0.15 < 0.071 0.41 3.30 0.00 
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SITE SOURCE DAlE Au il tl Li Mg Mn H.g 
MW5S LAW 
MW5D LAW 8/10/87 70.50 0.10 26.50 2.18 0.00 
MW6S LAW 
MW6D LAW 8/10/8 7 7.07 0.00 15.15 0.11 0.00 
MW2000S UK 6/9/95 < 0.012148.00 <0.071 0.14 82.00 3.22 
100 Sump UK 6/12/95 < 0.012 0.53 < 0.071 0.05 91.40 0.02 
IOOA Sump UK 6/12/95< 0.012 1.00 <0.071 0.03 62.00 0.03 
200 Sump UK 6/12/95<0.012 0.07 < 0.071 0.02 39.30 < 0.002 
400 Sump UK 6/12/95 < 0.012 0.77 < 0.071 0.19118.00 0.02 
400A Sump UK 6/12/95<0.012 0.12 <0.071 0.04 48.00 < 0.002 
2000 Sump UK 6/9/95 < 0.012 1.34 < 0.071 0.15 79.30 0.04 
3000 Sump UK 6/12/9 5 < 0.012 < 0.006 < 0.071 0.05 7.47 0.00 
SWl LAW 3/26/86 0.10 0.00 
SW2 LAW 3/26/86 0.00 0.00 
SW3 LAW 3/26/86 0.02 0.00 
SW4 LAW 3/26/86 0.00 0.00 
SW5 LAW 
Marshall Spring Mull 5/27/68 4.10 
Marshall Spring Scanlon 3/10/85 6.20 
Marshall Spring Sullivan 5/22/86 7.90 
Marshall Spring UK 6/12/95< 0.012 3.33 < 0.071 < 0.003 5.29 0.18 
Darby Spring UK 6/12/95< 0.012 1.20 < 0.071 < 0.003 5.69 0.13 
Railroad Spring UK 6/12/95 < 0.012 0.72 < 0.071 < 0.003 3.81 0.07 
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SITE SOURCE DAIB Ni ~ K+ ~ .s.i Ag Na+ 
MWlS LAW 8/8/87 < 0.01 7.97 <.001 0.00 13.6 
MWlS UK 6/9/87 < 0.049 1.01 5.86 < 0.129 16.00 0.13 12.7 
MWlD LAW 8/7/87 7.80 0.00 0.00 66.5 
MWlD TMM 3/3/92 0.01 0.01 
MWlD TMM 6/25/92 < 
MWlD TMM 7/15/92 0.02 
MWlD TMM 10/5/92 0.03 
MWlD TMM 3/30/93 0.01 
MWlD TMM 6/25/93 < 
MWlD TMM 12/7 /93 0.01 
MWlD UK 6/9/95 < 0.049 0.95 5.76 < 0.129 6.09 < 0.006 106.0 
MW2S LAW 
MW2S UK 6/9/95 < 0.049 5.25 11.00 < 0.129 < 0.034 < 0.006 < 0.018 
MW2D LAW 8/7 /95 5.91 0.00 0.02 
10.7 
MW2D TMM 3/3/92 < 0.01 0.01 
MW2D TMM 6/25/92 < 0.01 
MW2D TMM 7 /15/92 < 0.03 
MW2D TMM 10/5/92 < < 
MW2D TMM 3/30/93 < 0.03 
MW2D TMM 6/25/93 0.04 < 
MW2D TMM 12/7/93 < 0.03 
MW2D UK 6/8/95 < 0.049 < 0.121 5 .90 <0.129 6.11 0.11 104.0 
MW3S LAW 8/8/87 0.05 37.68 0.02 0.02 
16.3 
MW3S UK 6/9/95 < 0.049 2.03 4.24 < 0.129 38.50 < 0.006 1.8 
MW3D LAW 8/8/87 0.01 7.78 0.00 0.00 
56.5 
MW3D TMM 3/3/92 0.10 0.01 0.01 
MW3D TMM 6/24/92 < 0.02 
MW3D TMM 7 /16/92 < 0.02 
MW3D TMM 10/6/92 < < 
MW3D TMM 3/30/93 < < 
MW3D TMM 6/24/93 0.07 0.01 
MW3D TMM 12/7 /93 < 0.02 
MW3D UK 6/9/95 < 0.049 0.44 3.96 < 0.12910.20 0.06 14.3 
MW4S LAW 
MW4S UK 6/9/95 < 0.049 6.26 10.90 < 0.129 42. 70 < 0.006 59.2 
MW4D LAW 8/11/8 7 < 0.01 44.48 0.00 0.02 1112.0 
MW4D TMM 3/4/92 < < 0.01 
MW4D TMM 6/26/92 0.04 0.02 
MW4D TMM 7 /16/92 < 0.01 
MW4D TMM 10/6/92 < < 
MW4D TMM 3/30/93 < 0.02 
MW4D TMM 6/25/93 0.07 < 
MW4D TMM 12/7 /93 < 0.01 
MW4D UK 6/9/95 < 0.049 < 0.121 8.58 < 0.129 3.39 < 0.006 536.0 
77 
SITE SOURCE DAIB Ni r. K+ $.I< S.i A.z. &+ 
MW5S LAW 
MW5D LAW 8/10/8 7 0.08 62.80 0.01 0.01 1013.0 
MW6S LAW 
MW6D LAW 8/10/87 <0.01 39.56 < 0.001 0.00 1013.0 
MW2000S UK 6/9/95 < 0.049 13.10 32.60 < 0.129 99 .00 < 0.006 55.9 
100 Sump UK 6/12/95 < 0.049 0.39 15.20 < 0.129 13.40 < 0.006 65.9 
lOOA Sump UK 6/12/95 < 0.049< 0.121 11.90 < 0.129 8.72 < 0.006 54.5 
200 Sump UK 6/12/95 < 0.049< 0.121 11.30 < 0.129 5.74 < 0.006 43.8 
400 Sump UK 6/12/95 < 0.049< 0.121 57.20 < 0.129 12.10 < 0.006 223 .0 
400A Sump UK 6/12/95 < 0.049< 0.121 16.70 < 0.129 6.50 < 0.006 46.0 
2000 Sump UK 6/9/95 < 0.049 < 0.121112.00 < 0.129 11.30 < 0.006 113.0 
3000 Sump UK 6/12/95 < 0.049< 0.12130.90 < 0.129 2.37 < 0.006 74.9 
SWl LAW 3/26/86 0.18 <0.001 0.00 
SW2 LAW 3/26/86 0.02 <0.001 0.00 
SW3 LAW 3/26/86 <0.01 <0.001 0.00 
SW4 LAW 3/26/86 0.03 <0.001 0.00 
SW5 LAW 
Marshall Spring Mull 5/27/68 2.10 2.1 
Marshall Spring Scanlon 3/10/85 1.00 2.6 
Marshall Spring Sullivan 5/22/86 4.5 
Marshall Spring UK 6/12/95 <0.049 0.73 2.73 < 0.129 8.56 < 0.006 4.2 
Darby Spring UK 6/12/95 <0.049 0.52 3.40 < 0.129 5.54 < 0.006 5.6 
Railroad Spring UK 6/12/95 < 0.049 0.45 1.32 < 0.129 4.97 < 0.006 3.0 
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SIIE SOURCE DAIB .s..r s. Tl s..n v Zn 
MWlS LAW 8/8/87 0.00 
MWlS UK 6/9/87 1.35 65.60 0.22 < 0.426 < 0.004 1.21 
MWlD LAW 8/7/87 0.03 
MWlD TMM 3/3/92 < 0.02 
MWlD TMM 6/25/92 0.03 
MWlD TMM 7 /15/92 0.01 
MWlD TMM 10/5/92 0.06 
MWlD TMM 3/30/93 0.03 
MWlD TMM 6/25/93 0.05 
MWlD TMM 12/7/93 < 
MWlD UK 6/9/95 0.77 4.92 < 0.068 < 0.426 <0.004 0.20 
MW2S LAW 
MW2S UK 6/9/95 < 0.001 < 0.030 < 0.068 < 0.426 < 0.004 < 0.004 
MW2D LAW 8/7 /95 < 0.001 
MW2D TMM 3/3/92 < 0.05 
MW2D TMM 6/25/92 0.04 
MW2D TMM 7 /15/92 0.08 
MW2D TMM 10/5/92 0.12 
MW2D TMM 3/30/93 0.02 
MW2D TMM 6/25/93 0.02 
MW2D TMM 12/7/93 0.00 
MW2D UK 6/8/95 1.16 29.20 0.13 < 0.426 < 0.004 < 0.004 
MW3S LAW 8/8/87 0.29 
MW3S UK 6/9/95 0.19 5.52 < 0.068 < 0.426 < 0.004 1.41 
MW3D LAW 8/8/87 0.00 
MW3D TMM 3/3/92 < 0.18 
MW3D TMM 6/24/92 0.08 
MW3D TMM 7/16/92 0.07 
MW3D TMM 1 0/6/92 0.10 
MW3D TMM 3/30/93 0.03 
MW3D TMM 6/24/93 0.11 
MW3D TMM 12/7 /93 0.01 
MW3D UK 6/9/95 0.64 37.20 < 0.068 < 0.426 < 0.004 < 0.004 
MW4S LAW 
MW4S UK 6/9/95 1.02 121.00 0.12 < 0.426 < 0.004 < 0.004 
MW4D LAW 8/11/87 0.06 
MW4D TMM 3/4/92 < 0.04 
MW4D TMM 6/26/92 0.03 
MW4D TMM 7 /16/92 0.08 
MW4D TMM 1 0/6/92 0.09 
MW4D TMM 3/30/93 0.03 
MW4D TMM 6/25/93 0.02 
MW4D TMM 12/7 /93 0.07 
MW4D UK 6/9/95 0.43 4.93 < 0.068 < 0.426 < 0.004 < 0.004 
79 
SITE SOURCE DAW s..r s Tl .s..n v z..n. 
MW5S LAW 
MW5D LAW 8/10/87 0.38 
MW6S LAW 
MW6D LAW 8/10/87 < 0.001 
MW2000S UK 6/9/95 1.96 138.00 0.35 < 0.426 0.02 0.78 
100 Sump UK 6/12/95 1.95 283.00 0.32 < 0.426 < 0.004 < 0.004 
lOOA Sump UK 6/12/95 1.47 202.00 0.24 < 0.426 < 0.004 < 0.004 
200 Sump UK 6/12/95 1.03 101.00 0.13 < 0.426 < 0.004 1.89 
400 Sump UK 6/12/95 4.77 408.00 0.45 < 0.426 < 0.004 0.22 
400A Sump UK 6/12/95 1.68 128.00 0.18 < 0.426 < 0.004 < 0.004 
2000 Sump UK 6/9/95 2.68 249.00 0.28 < 0.426 < 0.004 < 0.004 
3000 Sump UK 6/12/95 1. 88 126.00 < 0.068 < 0.426 < 0.004 < 0.004 
SWl LAW 3/26/86 0.06 
SW2 LAW 3/26/86 0.01 
SW3 LAW 3/26/86 0.03 
SW4 LAW 3/26/86 0.00 
SW5 LAW 
Marshall Spring Mull 5/27/68 
Marshall Spring Scanlon 3/10/85 
Marshall Spring Sullivan 5/22/86 
Marshall Spring UK 6/12/95 0.13 7.41 < 0.068 < 0.426 < 0.004 < 0.004 
Darby Spring UK 6/12/95 0.19 12.40 < 0.068 < 0.426 < 0.004 < 0.004 
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EXECUTIVE SUMMARY 
An eighteen month study of the Toyota Motor Manufacturing (TMM) plant 
site and the surrounding area was undertaken. The basic charge for this project was to 
characterize the groundwater that is potentially impacted by the TMM plant site. This 
included occurrence, flow direction, and, if possible, velocity. Because the area is 
karstified (has sinkholes, springs, caves, etc.) surface water and groundwater are 
intimately connected and, hence, surface water was frequently an important component of 
this work. 
Data from TMM construction plans and monitoring work done subsequent to 
construction were elicited from the various repositories within the TMM infrastructure. 
Aerial color photographs were acquired from various government agencies. Maps were 
constructed from the various data sources and data "layers" were combined to provide a 
complete picture of the plant site with respect to geology and groundwater. Fracture 
trace analysis and field reconnaissance was performed. Fifty-one sinkholes were found 
onsite, 182 in the entire study area. Several springs, both onsite and offsite, were 
discovered. Dye trace analysis was performed to determine connectivity and help to 
build a conceptual model of the subsurface flow system. Existing chemical analysis was 
complemented with chemical analysis done by the University of Kentucky. 
Groundwater flow and occurrence 
Dye trace data, monitoring well level data, and basic fluid mechanics were 
used to determine that the groundwater flow beneath the deep basements were essentially 
isolated from the surrounding groundwater systems because the sump systems in the deep 
sections of the buildings maintained a continuous flow toward the TMM buildings. Due 
1 
to the nature of the bedrock, this "zone of isolation" extended no more than seven to 
fourteen feet away from the edge of the buildings. As such, these buildings would not 
be sources of contamination to the surrounding groundwater systems. There were some 
buildings that did not have these basement-sump systems and, hence, were not isolated 
from the surrounding groundwater systems. 
Most groundwater in the zone near the surface of the TMM site is derived 
from infiltration onsite, flows relatively rapidly and relatively short distances, and exits 
the ground in small hillside seeps and springs that are typically at the upper surface of 
the Millersburg formation which is approximately 25 feet of elevation below the TMM 
plant site (920 feet MSL, see Fig. 13). It should be noted that a small component of this 
water may migrate slowly to a deeper system. 
Flow beneath the Millersburg layer occurs in two scenarios. Off the TMM 
site, in the deep Tanglewood or Grier (Fig. 13), there are two major conduits systems 
that are connected to the surface by the Dry Run swallett and the Lanes Run swallett. 
The Dry Run swallett is connected to the conduit system that discharges at Railroad 
Spring and the Lanes Run swallett is connected to a conduit system that terminates at 
Marshall Spring. If surface water is discharged from the TMM plant and is not 
contained by the sump system beneath the plant, it will either end up in Railroad Spring 
or Marshall Spring and under high flow conditions, a portion will flow to North Elkhorn 
Creek. 
There is a deep groundwater zone in the Eastern section of the TMM site that 
does not have much subsurface water movement or surface connectivity. This section 
was confirmed to be around wells MW4, MW5, and MW6 but it is likely that the zone is 
11 
beneath the entire ridge of high potentiometric pressure, found on Figure 14 and enclosed 
by potentiometric contour 910 feet. Water in this zone is saline, high in sulfates, and 
relatively immobile. 
Monitoring recommendations 
Monitoring is recommended at eight additional wells and two springs on the 
TMM site. Each well site should consist of a shallow well to mon.itor the shallow, 
epikarstic flow and a deeper well to monitor any deeper percolation that may occur. 
Monitoring of three offsite springs is also recommended. 
A minimum of twice annually sampling is recommended and a sampling that 
collected samples every nine months in order to obtain seasonal variances was described. 
Additionally, defensive sampling, that is collection of samples that run onto the site or 
near the site was recommended to establish a record of incoming water quality. 
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EXECUTIVE SUMMARY 
An eighteen month study of the Toyota Motor Manufacturing (TMM) plant 
site and the surrounding area was undertaken. The basic charge for this project was to 
characterize the groundwater that is potentially impacted by the TMM plant site. This 
included occurrence, flow direction, and, if possible, velocity. Because the area is 
karstified (has sinkholes, springs, caves, etc.) surface water and groundwater are 
intimately connected and, hence, surface water was frequently an important component of 
this work. 
Data from TMM construction plans and monitoring work done subsequent to 
construction were elicited from the various repositories within the TMM infrastructure. 
Aerial color photographs were acquired from various government agencies. Maps were 
constructed from the various data sources and data "layers" were combined to provide a 
complete picture of the plant site with respect to geology and groundwater. Fracture 
trace analysis and field reconnaissance was performed. Fifty-one sinkholes were found 
onsite, 182 in the entire study area. Several springs, both onsite and offsite, were 
discovered. Dye trace analysis was performed to determine connectivity and help to 
build a conceptual model of the subsurface flow system. Existing chemical analysis was 
complemented with chemical analysis done by the University of Kentucky. 
Groundwater flow and occurrence 
Dye trace data, monitoring well level data, and basic fluid mechanics were 
used to determine that the groundwater flow beneath the deep basements were essentially 
isolated from the surrounding groundwater systems because the sump systems in the deep 
sections of the buildings maintained a continuous flow toward the TMM buildings. Due 
to the nature of the bedrock, this "zone of isolation" extended no more than seven to 
fourteen feet away from the edge of the buildings. As such, these buildings would not 
be sources of contamination to the surrounding groundwater systems. There were some 
buildings that did not have these basement-sump systems and, hence, were not isolated 
from the surrounding groundwater systems. 
Most groundwater in the zone near the surface of the TMM site is derived 
from infiltration onsite, flows relatively rapidly and relatively short distances, and exits 
the ground in small hillside seeps and springs that are typically at the upper surface of 
the Millersburg formation which is approximately 25 feet of elevation below the TMM 
plant site (920 feet MSL, see Fig. 13). It should be noted that a small component of this 
water may migrate slowly to a deeper system. 
Flow beneath the Millersburg layer occurs in two scenarios. Off the TMM 
site, in the deep Tanglewood or Grier (Fig. 13), there are two major conduits systems 
that are connected to the surface by the Dry Run swallett and the Lanes Run swallett. 
The Dry Run swallett is connected to the conduit system that discharges at Railroad 
Spring and the Lanes Run swallett is connected to a conduit system that terminates at 
Marshall Spring. If surface water is discharged from the TMM plant and is not 
contained by the sump system beneath the plant, it will either end up in Railroad Spring 
or Marshall Spring and under high flow conditions, a portion will flow to North Elkhorn 
Creek. 
There is a deep groundwater zone in the Eastern section of the TMM site that 
does not have much subsurface water movement or surface connectivity. This section 
was confirmed to be around wells MW4, MWS, and MW6 but it is likely that the zone is 
11 
beneath the entire ridge of high potentiometric pressure, found on Figure 14 and enclosed 
by potentiometric contour 910 feet. Water in this zone is saline, high in sulfates, and 
relatively immobile. 
Monitoring recommendations 
Monitoring is recommended at eight additional wells and two springs on the 
TMM site. Each well site should consist of a shallow well to monitor the shallow, 
epikarstic flow and a deeper well to monitor any deeper percolation that may occur. 
Monitoring of three offsite springs is also recommend~d. 
· - - - - -A minimum of twice annually sampling is recommended and a sampling that 
collected samples every nine months in order to obtain seasonal variances was described. 
Additionally, defensive sampling, that is collection of samples that run onto the site or 
near the site was recommended to establish a record of incoming water quality. 
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